WHOI-88-22 


AD-A218  657 


Woods  Hole  Oceanographic  Institution 
Massachusetts  Institute  of  Technology 


1930 


Joint  Program 
in  Oceanography 
and 

Oceanographic  Engineering 


Doctoral  Dissertation 

The  Kinetics  and  Thermodynamics  of 
Copper  Complexation  in  Aquatic  Systems 

by 

Janet  G.  Hering 

June  1988 


BEST 

available  copy 

OZ  as  043 


WHOI-83-22 


The  Kinetics  and  Thermodynamics  of 
Copper  Complexation  in  Aquatic  Systems 

by 

Janet  G.  Hering 

Woods  Hole  Oceanographic  Institution 
Woods  Hole,  Massachusetts  02543 

and 

The  Massachusetts  Institute  of  Technology 
Cambridge,  Massachusetts  02139 


June  1988 


Doctoral  Dissertation 


Funding  was  pro\’ided  through  the  Massachusetts  Institute  of  Technology 
by  NOAA;  the  National  Science  Foundation;  and  by  the  Office  of  Naval  Research. 

Reproduction  in  whole  or  in  part  is  permitted  for  any  purpose  of  the 
United  States  Government.  This  thesis  should  be  cited  as; 

Janet  G.  Hering,  1988.  The  Kinetics  and  Thermodynamics  of  Copper 
Complexation  in  Aquatic  Systems. 

:  Ph.D;  Thesis.  MITAVHOI,  WHOI-88-22. 

Approved  for  publication;  distribution  unlimited. 


Approved  for  Distribution: 


Charles  D.  Hollister 

Dean  of  Graduate  Students 


THE  KINETICS  AND  THERMODYNAMICS  OF 
COPPER  COMPLEXATION  IN  AQUATIC  SYSTEMS 


by 


JANET  GORDON  HERING 


A.B. ,  Cornell  University 
(1979) 

A.M. ,  Harvard  University 
(1981) 


Submitted  in  partial  fulfillment  of  the 
requirements  for  the  degree  of 


DOCTOR  OF  PHILOSOPHY 

at  the 

MASSACHUSETTS  INSTITUTE  OF  TECHNOLOGY 
and  the 

WOODS  HOLE  OCEANOGRAPHIC  INSTITUTION 
May  1988 


@  Massachusetts  Institute  of  Technology  1985 


AooessloD  For 


NTIS  GRAAI 
DTIC  TAB 
Unannounced 
Justification- 


By - 

Distribution/ 


Availability  Codes 


Avail  and/or 
Special 


Signature  of  Author 


Certified  by 


^  Joint  xerogram  in  Oceanography, 

Massachusetts  Institute  of  Technology/ 


Woods  Hole  Oceanographic  Institution 


Accepted  by 


Fran9ols  M.M.  Morel 
Thesis  Supervisor 


John  Edmond 
Joint  Committee  for  Chemical  Oceanography 
Massachusetts  Institute  of  Technology/ 
Woods  Hole  Oceanographic  Institution 


GD 


THE  KINETICS  AND  THERMODYNAMICS  OF 
COPPER  COMPLEXATION  IN  AQUATIC  SYSTEMS 


by 

JANET  GORDON  HERING 

ABSTRACT 

Copper  complexatlon  is  ubiquitous  in  natural  waters.  Yet,  many 
questions  remain  on  the  chemistry  and  blogeochemlstry  of 
naturally-occurring  complexlng  agents.  This  thesis  examines  the  sources 
and  extent  of  biological  cycling  of  such  complexlng  agents  and  also  the 
physical -chemical  nature  of  their  Interactions  with  copper. 

Investigations  of  copper  complexatlon  in  coastal  ponds  and 
coordinated  laboratory  studies  suggest  that  both  labile,  biogenic  and 
refractory  ligands  contribute  to  the  observed  copper  complexatlon. 
Culture  and  incubation  experiments  demonstrate  ligand  production 
associated  with  phytoplankton  photos}mthetic  activity  and  suggest 
microbial  degradation  of  complexlng  agents.  However  in  the  coastal 
ponds  studied,  the  biological  cycling  of  natural  complexlng  agents  is 
obscured  possibly  due  to  contributions  of  refractory  ligands  to  the 
observed  copper  complexatlon,  mixing  of  pond  waters  with  coastal 
seawater,  or  to  the  natural  balance  between  biological  production  and 
degradation.  V 

The  physical -chemical  nature  of  interactions  of  humic  acids  with 
copper  was  studied  by  examining  both  the  thermodynamics  and  '  '’“'tics  of 
these  interactions.  Extensive  studies  of  the  kinetics  of  met-'  .ind 
ligand- exchange  reactions  with  well-defined  ligands  under  natural  water 
conditions  (i.e.-  low  concentrations  of  reacting  species  and  the 
presence  of  competing  metals  ^nd  ligands)  provide  a  mechanistic 
framework  for  examining  the  kinetics  of  metal -humate  complexatlon 
reac.tlrr'^ 

Study  of  the  kinetics  of  r^nper-for-calcium  metal -exchange 
reactions  and  metal  titration  experiments  (individual  mete''  tjrrations 
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with  calcium  or  copper  and  copper  titrations  in  the  presence  of  calciua 
as  a  competing  metal)  show  that  alkaline  earth  and  transition  metals  do 
not  compete  for  the  same  humate  metal-blndlng  sites. 

Ligand  exchange  reactions  between  humate -bound  copper  and  a 
fluorescent  coraplexing  agent  proceed  both  through  dissociation  of  the 
initial  copper-humate  species  and  by  direct  attack  of  the  incoming 
ligand  on  the  Initial  copper  complex.  The  relative  importance  of  these 
mechanisms  Is  dependent  on  the  copper- to-humate  loading.  Both  of  these 
mechanisms  should  contribute  to  overall  ligand  exchange  reactions  at  the 
copper- to-humate  loadings  t3rplcal  of  estuarine  and  coastal  waters. 

The  observed  kinetics  of  ligand  exchange  reactions  with 
copper-humate  species  is  consistent  with  the  reaction  of  copper  bound  at 
discrete  humate  metal-binding  sites.  Apparent  saturation  of  the  strong 
copper-binding  site  (l.a.-  slow-reacting  copper-humate  species)  at  high 
copper- to-humate  loadings  allows  estimation  of  the  strong  copper-binding 
site  density  (»  10  ^  mol/mg  humic  acid)  and  of  the  conditional  stability 
constant  for  copper  binding  at  that  site  (w  10^^'^). 

Investigations  of  ligand-exchange  reactions  of  humate-bound  copper 
in  the  presence  of ‘seawater  concentrations  of  calcium  demonstrate  that 
the  kinetics  of  metal  coordination  reactions  under  natural  water 
conditions  cannot  be  neglected.  Even  at  high  copper- to-humate  loadings, 
the  formation  of  CuEDTA  on  addition  of  copper  to  a  mixture  of  humic  acid 
and  EDTA  (0.01  M  Ca,  pH  -  7.3)  proceeded  over  the  course  of  several 
hours  as  compared  with  immediate  formation  of  CuEDTA  in  the  absence  of 
calcium.  Based  on  these  results,  equilibrium  for  this  reaction  in 
seawater  at  environmental  copper- to-humate- loadings  and  lower  EDTA 
concentrations  is  predicted  to  occur  on  a  time  scale  of  months  to  years. 

The  kinetics  of  coordination  reactions  with  humic  acids  may  be 
interpreted  to  provide  information  on  the  nature  of  metal-humate 
interactions.  This  Information  complements  equilibrium  studies  of  such 
interactions.  In  the  field,  the  study  of  the  interactions  of  metals 
with  naturally- occurring  complexing  agents  is  complicated  by  the 
presence  of  mixtures  of  labile,  biogenic  and  refractory  ligands. 

Finally,  this  work  indicates  that  the  assumption  of  fast  equilibration 
of  metals  and  ligands  (l.e.-  pseudoequilibrlura)  in  seawater  is  not 
valid. 
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"At  a  certain  point  you  say  to  the  woods,  to  the  sea,  to  the 
mountains,  the  world.  Now  I  am  ready.  Now  I  will  stop  and  be  wholly 
attentive.  You  empty  yourself  and  wait,  listening.  After  a  while  yo*' 
hear  it:  there  is  nothing  there.  There  is  nothing  but  those  things 
only,  those  created  objects,  discrete,  growing  or  holding,  or  swaying, 
being  rained  on  or  raining,  held,  flooding  or  ebbing,  standing,  or 
spread.  You  feel  the  world's  word  as  a  tension,  a  hum,  a  single 
chorused  note  everywhere  the  same.  This  is  it:  this  hum  is  the  silence. 
Nature  does  utter  a  peep-  just  this  one.  The  birds  and  the  insects,  the 
meadows  and  swamps  and  rivers  and  stones  and  mountains  and  clouds:  they 
all  do  it;  they  all  don't  do  it.  There  is  a  vibrancy  to  the  silence,  a 
suppression  as  if  someone  were  gagging  the  world.  But  you  wait,  you 
give  your  life's  length  to  the  listening,  and  nothing  happens.  The  ice 
rolls  up,  the  ice  rolls  back,  and  still  that  single  note  obtains.  The 
tension,  or  lack  of  it,  is  intolerable.  The  silence  is  not  actually 
suppression;  instead,  it  is  all  there  is." 

Annie  Dillard 

Teaching  a  Stone  to  Talk 


"But  no  matter  whether  my  probings  made  me  happier  or  sadder,  I 
kept  on  probing  to  know." 

Zora  Neale  Hurston 
Dust  Tracks  on  a  Road 


"What  we  see  depends  mainly  on  what  we  look  for." 

Salada  Tea  bag 
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CHAPTER  1 


INTRODUCTION 


Organic  complexation  of  transition  metals  in  natural  waters  has  a 
profound  influence  on  metal  biogeocheraistry .  Metal  speciation 
influences  biological  availability  of  metals  (Anderson  and  Morel,  1978; 
Sunda  and  Guillard,  1976;  Anderson  and  Morel,  1982)  as  well  as  chemical 
processes  such  as  sorption  (Dalang  et  al.,  1984;  Davis  and  Leckie,  1978, 
1979),  precipitation/dissolution  (Campbell  and  Tessier,  1984),  and 
oxidation/reduction  (Watte  and  Morel,  1984,  Ftnden  et  al.,  1984).  Metal 
complexation  appears  to  be  ubiquitous  in  the  aquatic  environment, 
occurlng  in  fresh  (Sunda  and  Hanson,  1979;  Cabaniss  and  Shuman,  in 
press)  and  saline  (Hering  et  al . ,  1987  and  ref.  cit.)  and  under  both 
pristine  (Sunda  and  Ferguson,  1983;  Coale  and  Bruland,  submitted)  and 
polluted  regimes  (Hering  et  al.,  1987).  For  copper,  the  extent  of 
complexation  is  close  to  100%. 

Many  questions  on  metal  complexation  In  natural  waters  remain 
unresolved.  The  sources,  structures,  and  extent  of  biological  cycling 
of  naturally-occuring  complexing  agents  are  largely  unknown.  Some  of 
the  metal  complexation  is  natural  waters  is  likely  due  to  complexation 
by  humic  substances.  Humic  substances  isolated  from  natural  waters  have 
been  shown  to  bind  many  metals  (Hering  and  Morel,  submitted;  Fish,  1984; 
Sunda  et  al.,  1984;  Cabaniss  and  Shuman,  1984)  and  are  present  in  whole 
waters  at  concentrations  sufficient  to  contribute  significantly  to  the 
observed  metal  complexation.  Metal  complexation  by  biogenic  ligands  in 
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natural  waters  has  been  inferred  from  observed  production  of  complexing 
agents  in  cultures  of  phytoplankton  (McKnight  and  Morel,  19980;  Imber 
and  Robinson,  1983;  Trick  et  al .  1983),  bacteria  (Neilands,  1981;  Actis 
et  al ,  1986),  fungi  (Neilands,  1984),  and  some  higher  organisms  (Fish 
and  Morel,  1983).  However,  evidence  from  the  field  supporting 
biological  production  of  complexing  agents  is  more  tenuous.  It  is  not 
clear  to  what  extent  the  biota,  through  production  and  degradation  of 
complexing  agents,  influences  metal  speciation  in  the  environment  nor 
what  proportion  of  metal  complexing  agents  in  natural  waters  are  labile, 
biogenic  compounds  rather  than  refractory  geopolymers  such  as  humic 
substances . 

The  interactions  of  metals  and  natural  complexing  agents  have  been 
modeled  by  analogy  with  the  interactions  of  well-defined  organic  ligands 
(or  polymers)  and  metals.  There  has  been  a  proliferation  of  models 
describing  metal -humate  (or  metal -natural  complexing  agents) 
interactions  largely  because  the  available  data  has  not  been  sufficient 
to  discriminate  between  models  (Fish  et  al . ,  1986;  Dzombak  et  al . ,  1986; 
Cabaniss  and  Shuman,  1988) .  Thus  the  models  cannot  provide  information 
as  to  -he  structure  of  natural  complexing  agents  or  the  nature  of  their 
interactions  with  metals. 

The  models  applied  to  metal  complexation  all  assume  equilibrium  (or 
pseudo-equilibrium)  between  complexing  agents  and  dissolved  metal 
species  and  rapid  re-equlllbration  of  the  system  after  any  perturbation 
of  metal  speciation.  However  there  have  been  relatively  few 
investigations  of  the  kinetics  of  metal  coordination  reactions  under 
environmentally  representative  conditions  (pH,  major  cations,  trace 
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E'tal  ligand  concentrations,  etc.)  and,  for  the  most  part,  the 

assumption  of  rapid  equilibration  of  metal  and  ligand  species  remains 
untested. 

This  thesis  investigates  several  of  the  questions  raised  above. 
Chapter  2  reports  on  a  comparison  of  laboratory  and  field  studies 
examining  biological  cycling  of  natural  complexing  agents.  Culture  and 
incubation  experiments  show  production  of  complexing  agents  associated 
with  phytoplankton  photcsynthetic  activity  and  microbial  degradation. 
Trends  in  copper  complexation  observed  in  the  field  in  a  diel  study  are 
consistent  with  this  hypothesis  although  overall  changes  in  copper 
complexation  are  quite  small.  This  chapter  is  to  be  submitted  as  a 
research  paper  with  Dr.  C.  Lee  as  a  co-author.  Her  suggestions  on 
experimental  design  and  editorial  comments  were  a  substantial 
contribution  to  this  work. 

Copper  and  calcium  complexation  by  isolated  humic  substances  are 
described  in  chapter  3.  The  comparison  of  individual  metal  titrations 
and  competition  experiments  provide  additional  constraints  for  modeling 
metal-humate  interactions. 

Chapters  4-6  report  on  the  investigations  of  the  kinetics  of  metal 
coordination  reactions.  Relatively  simple  systems  are  examined  in 
chapters  4  and  5  to  determine  factors  controlling  the  rates  of 
metal -exchange  (chapter  4)  and  ligand- exchange  (chapter  5)  reactions. 

The  focus  is  on  measuring  rates  of  reactions  under  environmentally 
appropriate  conditions  and  on  relating  the  observed  kinetics  with  the 
thermodynamics  of  metal- ligand  interactions.  In  chapter  6,  more  complex 
systems  (mixtures  of  competing  metals  and  ligands)  are  investigated.  A 
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model  system  is  studied  to  demonstrate  the  conditions  under  which  slow 
coordination  reactions  may  be  expected.  Experiments  with  humic 
substances  and  a  strong  synthetic  ligand  show  that  the  assumption  of 
rapid  equilibration  of  ligands  and  metals  under  natural  or  analytical 
conditions  with  low  concentrations  of  metals  and  ligands  and  seawater 
calcium  concentrations  is  not  valid. 

The  appendices  describe  some  additional  work  on  measurement  of 
copper  and  ligand  speciation  and  provide  ancillary  data  to  chapters  4 
and  5 .  A  field  comparison  of  methods  for  determination  of  copper 
complexation  is  described  in  Appendix  A.  This  paper  was  published  in 
Marine  Chemistry  and  was  co-authored  by  Drs .  R.  Ferguson,  W.  Sunda  and 
F.  Morel.  Drs.  Ferguson  and  Sunda  provided  the  bacterial  bioassay  data. 
Drs.  Sunda  and  Morel  assisted  in  editing  the  manuscript.  Appendix  B 
describes  an  analytical  method  for  the  determination  of  ligand 
speciation  using  a  fluorescent  ligand.  This  appendix  provides  some  of 
the  background  for  chapter  5.  Data  from  the  kinetics  experiments 
discussed  in  Chapters  4  and  5  are  given  in  appendices  C  and  D. 

Chapter  7  consists  of  a  brief  summary  of  the  conclusions  of  the 
other  chapters . 
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CHAPTER  TWO 

SOME  EFFECTS  OF  BIOLOGICAL  ACTIVITY  ON  COMPLEXATION  OF  COPPER 

ABSTRACT 

Seasonal  and  diel  measurements  of  copper  complexation  in  two  salt 
ponds  are  compared  with  laboratory  studies  of  copper  complexation  in 
phytoplankton  cultures  and  incubation  experiments.  Laboratory  studies 
suggest  that  the  biota  may  be  involved  in  the  cycling  of 
naturally- occurring  copper  complexing  agents.  However,  in  the  field, 
only  small  changes  in  copper  complexation  were  obseirved  even  with  large 
changes  in  photosynthetic  activity  (in  a  diel  study)  and  copper 
complexation  was  not  correlated  with  phytoplankton  abundance  (in  a 
seasonal  study) .  The  lack  of  an  effect  of  phytoplankton  activity  on 
measured  copper  complexation  in  the  field  mav  be  due  to  tight  coupling 
between  biological  production  and  degradation  processes  resulting  in  a 
steady- state  concentration  of  complexing  agents  and  to  a  significant 
contribution  of  refractory  ligands,  such  as  humic  materials,  to  overall 
copper  complexation. 

INTRODUCTION 

Complexation  of  copper  occurs  In  a  wide  variety  of  aquatic 
environments  from  the  oligotrophic  open  ocean  (Coale  and  Bruland, 
submitted;  Sunda  and  Ferguson,  1983)  to  more  productive  coastal  waters 
(Hering,  et  al . ,  1987;  Kramer  and  Duinker,  1984;  Moffett  and  Zika,  1987; 
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'■’ood  et  al.  ,  1983;  van  den  Berg,  1984a, b;  Huizenga  and  Kester,  1983; 
Mackey,  1983).  The  extent  of  complexation  in  surface  waters  is  close  to 
100%  complexation  for  Cu.  Observed  metal  complexation  has  been  largely 
attributed  to  the  presence  of  organic  complexing  agents  and  has  been 
described  in  terms  of  equilibrium  association  of  metals  with  natural 
ligands  (following  Stumra  and  Morgan,  1981;  Morel,  1983). 

The  presence  and  importance  of  organic  complexing  agents  has  been 
inferred  from  several  lines  of  evidence.  Metal  complexing  or  buffering 
capacity  is  removed  by  UV-oxidation  of  water  samples  (Sunda  et  al . , 

1984;  Anderson  et  al.  1984).  Organic  material  isolated  from  natural 
waters  (i.e.-  humic  materials)  has  been  shown  to  bind  many  metals 
(Hering  and  Morel,  submitted  and  ref.  cit.).  Humic  materials  are 
present  in  whole  waters  at  concentrations  (up  to  1.2  mg/L  in  seawater 
and  up  to  8.0  mg/L  in  freshwaters,  Thurman,  1986)  sufficient  to 
contribute  significantly  to  observed  metal  complexation.  A  correlation 
between  DOC  and  metal  complexation  has  also  been  shown  (Newell  and 
Sanders,  1986).  In  addition,  biological  production  of  metal  complexing 
agents  has  been  observed  in  cultures  of  phytoplankton  (McKnight  and 
Morel,  1979,1980;  Trick  et  al . ,  1983a, b;  Imber  and  Robinson,  1983; 
Swallow  et  al .  1978;  Serriti  et  al.  1986),  bacteria,  and  fungi 
(Neilands,  1981,1984;  Actis  et  al.,  1986)  as  well  as  some  higher 
organisms  (Fish  and  Morel,  1983).  Although  adsorption  of  metals  onto 
inorganic  colloids  might  contribute  to  the  overall  complexing  ability  of 
the  "dissolved"  fraction  of  natural  waters,  the  surfaces  of  particles 
found  in  natural  waters  are  coated  with  organic  material  (Hunter  and 
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Liss,  1982).  Thus  the  interactions  of  metals  with  colloidal 
particulates  may  be  dominated  by  the  nature  of  the  surficial  organic 
matter . 

Recently,  it  has  been  suggested  that  the  apparent  complexation  of 
ambient  copper  in  surface  waters  may  be  due  in  part  to  the  presence  of 
collloidal  copper  sulfides  (Luther  et  al.,  1976;  Luther  and  Swartz, 

1988) .  The  presence  of  free  sulfide  in  oxic  waters  has  also  been 
postulated  (Elliott  et  al.,  1988).  It  is  unlikely,  however,  that 
sufficient  free  sulfide  to  account  for  the  observed  strong  complexation 
of  copper  added  to  natural  water  samples,  up  to  «  50  nM  copper  (Hering 
et  al.,  1987),  is  present  in  oxic  waters. 

Complexation  of  trace  metals  by  naturally-occurring  organic  ligands 
may  reflect  the  influence  of  the  biota  on  the  chemistry  of  the  aquatic 
environment.  In  oceanic  systems,  the  vertical  profile  of  complexing 
agents  also  suggests  a  biological  source  for  the  ligands  (Kramer  1985, 
Coale  and  Bruland,  submitted).  However,  efforts  to  demonstrate  a  direct 
link  between  biological  activity  and  metal  complexation  have  been  mostly 
inconclusive.  Metal  complexation  has  been  correlated  with  phytoplankton 
abundances  in  enclosure  experiments  (Imber  and  Robinson,  1983)  but  not 
in  tidal  ponds  or  coastal  waters  (Anderson  et  al.,1984). 

This  paper  presents  results  of  seasonal  and  diel  studies  of  metal 
complexation  in  two  coastal  ponds  and  compares  field  measurements  with 
phytoplankton  culture  and  incubation  experiments.  Although  production 
of  complexing  agents  was  observed  in  laboratory  cultures  and  changes  in 
Cu  complexation  occured  on  incubation  of  natural  water  samples. 
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relatively  constant  Cu  complexatlon  was  observed  in  field  samples.  The 
stability  of  metal  buffering  capacity  in  these  environments  may  be  due 
to  the  contribution  of  relatively  refractory  ligands,  possibly 
terrestrial  humic  materials  (as  suggested  by  Anderson  et  al . ,  1984),  or 
to  a  steady- state  between  biological  production  and  consumption  of  more 
labile  natural  complexing  agents. 

EXPERIMENTAL  SECTION 

Field  samples  were  taken  from  two  shallow  salt  ponds  in  Falmouth, 
MA.  Both  Salt  and  Perch  Ponds  are  small  (Salt  Pond  29  ha,  Perch  Pond  66 
ha),  shallow  (<6  m) ,  eutrophlc  salt  ponds  on  Vineyard  Sound  in  Falmouth, 
MA.  Perch  Pond  is  connected  to  Vineyard  Sound  through  Great  Pond  by 
shallow  inlets  and  is  subjected  to  restricted  tidal  flushing  (as 
described  by  Garcon  et  al.,  1986)  Salt  Pond  is  an  enclosed  marine 
glacial  basin  which  is  highly  stratified  with  an  oxygen-depleted 
epilimnion  and  an  anoxic,  more  saline  hypolimnion  (Kim  and  Emery,  1971). 
At  our  sampling  site,  H^S  concentrations  in  the  anoxic  waters  are  high 
(5  mM) ;  the  depth  below  which  H2S  is  present  varies  seasonally  from  3  ra 
in  the  summer  to  5  m  in  the  winter  (Wakeham  et  al . ,  1984).  Salinities 
at  both  sites  were  approximately  25°/oo;  the  salinity  at  Perch  Pond 
ranged  from  23  to  28°/oo  over  the  study  period. 

Field  samples  were  collected  in  acid-washed  polyethylene  bottles 
using  an  all -polyethylene  collection  system  as  described  by  Anderson  et 
al .  (1984).  .Amperometric  titrations  of  Salt  Pond  samples  were  begun 
within  1  h  of  sample  collection.  For  the  diel  study,  samples  were 
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collected  from  Salt  Pond  over  an  18-h  period  on  October  9-10,  1985.  The 

sampling  depth  was  3  m,  the  depth  of  the  chi  a  maximum.  Samples  for 

amperometric  titration  were  stored  in  polyethylene  at  4°  C  until 

analysis  (analyses  were  performed  within  24  h  of  sampling  except  for 

analyses  of  replicate  samples  taken  on  Nov.  14  and  Feb.  1).  For  the 

seasonal  study,  depth- integrated  samples  were  taken  (as  described  by 

Anderson  et  al ,  1984)  from  Perch  Pond  from  November  1984  to  April  1985. 

All  samples  were  collected  between  1100  and  1400h.  Samples  for 

incubation  experiments  were  collected  from  Perch  Pond  on  Feb.  26,  1985. 

Depth- integrated  samples,  either  filtered  (0.45  /im  Nuclepore)  or 

unfiltered,  were  stored  in  acid-washed  polyethylene  containers.  Light 

incubated  samples  were  subject  to  constant  illumination  at  200 
-2  - 1 

/iEm  sec  All  unfiltered.  Incubated  samples  were  filtered  through 

0.45  /im  Nuclepore  filters  immediately  prior  to  titrations. 

During  the  seasonal  study,  the  dinof lagell ate  Heterocaosa  triouetra 
was  counted  in  Perch  Pond  samples  by  microscopic  examination.  Under 
bloom  conditions,  H.  triouetra  was  essentially  the  only  algal  species 
observed.  Before  and  after  the  bloom  (Nov.  14  and  Apr.  24), 
approximately  20%  of  the  mixed  phytoplankton  population  was  H . 
triouetra . 

For  the  culture  study,  Heterocapsa  triouetra  was  grown  in 
uni-algal,  axenic  cultures  under  different  metal  regimes.  Cultures  were 
grown  from  a  single  cell  isolate  (HT  984)  from  Perch  Pond  (L.  Brand) . 

An  axenic  culture  was  obtained  by  treatment  with  antibiotics.  Cultures 
were  maintained  in  f/2  medium  (Guillard  and  Ryther,  1962)  prepared  with 
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coastal  seawater.  For  ligand  production  experiments  a  culture  was  grown 

in  f/2  major  nutrients  with  10  ^  M  Fe.^  (no  other  metals  or  EDTA  added). 

Media  v/as  sterilized  by  autoclaving  and  spiked  with  ferric  chloride 

stock  solution  inunediately  before  inocu ..ation .  The  inoculum  culture,  in 

exponential  growth,  was  diluted  1:50  into  fresh  f/2  media  containing  no 
-  8  “7  “6 

added  Fe ,  10  ,10  ,  or  10  M  Fe  with  no  other  metals  or  EDTA  added. 

Cultures  were  grown  at  20°  C  under  continuous  light  (200  pEm  ^sec  . 
Cells  were  counted  using  a  Coulter  Counter.  Inoculation  of  culture 
media  into  marine  bacterial  broth  shovred  no  bacterial  contamination. 
Examination  of  culture  media  by  light  microscopy  (with  Newmarski 
interference  optics)  one  we°k  after  stationary  phase  showed  very  few  or 
no  bacteria.  Stationary  phase  cultures  were  filtered  through  0.45  m*" 
Nuclepore  filters  under  low  pressure.  Culture  medium  was  stored  frozen 
for  amperometric  titrations. 

Amperometric  titrations  were  performed  on  both  filtered  and 
unfiltered  samples  as  described  in  Hering  et  al .  (1987).  Briefly,  the 
method  measures  reduction  of  Cu(Il)  to  Cu(I)  at  ambient  pH  at  90  mV 
(relative  to  Ag/AgCl) .  Natural  water  samples  were  equilibrated  with 
added  Cu  fer  10  min  before  amperometric  measurements  were  begun. 
Electrode  response  was  calibrated  using  UV-oxidized  seawater  or  seawater 
diluted  into  electrolyte  solutions  (0.5  M  NaCi.  2  mM  NaHCO^)  for 
titrations  of  diluted  culture  media.  The  theory  and  application  of  the 
method  (Waite  and  Morel,  1987)  and  the  electrode  system  (Matson  et  al . , 
1977)  have  been  described  in  detail  elsewhere. 


RESULTS  AND  DISCUSSION 


In  the  cultures  of  H,  trlouetra  grown  on  different  concentrations 
of  iron,  higher  additions  of  iron  to  the  culture  media  resulted  in 
increased  cell  densities  (Fig.  la).  The  production  of  Cu  coraplexing 
agents  by  H,  triouetra  is  seen  in  measurements  of  Cu  complexation  in  the 
culture  medium  (Figure  lb).  Increased  Cu  complexation  (i.e.-  lower 
concentration  of  inorganic  Cu)  is  correlated  with  stationary  phase  cell 
density.  This  can  be  seen  more  clearly  by  qualitatively  translating 
individual  curves  to  a  single  value  using  the  fraction  of  added  Cu 
measured  as  inorganic  Cu  at  a  given  added  Cu  concentration  (in  this  case 
106  nM  added  Cu) .  Figure  Ic  shows  that  the  % inorganic  Cu  is  roughly 
proportional  to  cell  density.  Since  the  production  of  Cu  complexing 
agents  did  not  increase  in  reponse  to  iron  limitation  it  is  unlikely 
that  these  phytoplankton  exudates  are  siderophores ,  specific  metabolites 
involved  in  iron  acquisition  and  transport.  Siderophore  production  by 
phytoplankton  is  markedly  enhanced  in  iron-depleted  medium  (Trick'^t  al , 
1983,  McKnight  and  Morel,  1980).  Since  copper  does  not  commonly 
stimulate  ligand  production  by  phytoplankton  (McKnight  and  Morel,  1980; 
Clarke  et  al . ,  1987),  the  presence  of  metal  complexing  agents  observed 
in  H.  triouetra  culture  media  may  not  be  directly  related  to  the  metal 
nutritional  status  of  the  organism. 

Incubation  studies  on  water  samples  from  Perch  Pond  over  a  4  to  15 
day  period  under  varied  conditions  resulted  ’n  changes  in  measured  Cu 
comlexation  by  the  samples  (Figure  2) .  Cu  complexation  in  unfiltered 
samples  increased  for  samples  incubated  in  the  light  and  decreased  for 
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Figure  1.  Culture  studies  (a)  growth  curve  for  H.  triquetra  cultures 

“  8 

grown  in  f/2  medium  with  (O)  no  added  Fe ,  (a  )  10  M, 

(□)  10  (V)  10  (t>)  Cu  titrations  of  diluted 

culture  medium  from  stationary  phase  H.  triquetra  cultures 
grown  under  different  Fe^  (symbols  as  above) .  Dilution: 

(O)  2%  culture  medium  in  electrolyte  (0.5  M  NaCl,  2mMNaHC02)  , 
(A,D,V)  3%  culture  medium  in  electrolyte  (c)  %  inorganic  Cu 
(at  106  nM  added  Cu)  as  a  function  of  stationary  phase  cell 
densities  of  H.  triquetra  grown  under  different  Fe.j,  (symbols 
as  above) .  [Note  that  decreased  %  inorganic  Cu  corresponds  to 
increased  Cu  complexation  by  the  medium. ] 


inorganic  Cu  (nM) 
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Figure  2.  Results  of  Cu  titrations  of  incubated  samples  from  Perch  Pond. 
Amperometric  data  (a,  b)  (•)  initial  sample,  pH=  8.27 
(a)  incubation  of  filtered  samples  (O)  20°  C,  dark,  4  d, 
pH=8.10;  (A)  20°  C,  light,  5d,  pH=  8.26;  (□)  5°  C,  dark, 

9d,  pH-=7.92;  (V)  20°  C,  dark,  14d,  pK-d.02;  (b)  incubation 
of  unfiltered  samples  (O)  20°  C,  light,  4d,  pH=  8.72; 

(A)  20°  C,  dark.  6d,  pH-  7.96;  (V)  5°  C,  dark,  7d, 
pH-  7.'"3;  (□)  20°  C,  light,  15  d,  pH-  8.09;  (c)  the 
%  inorganic  Cu  (at  106  nM  added  Cu)  shown  for  filtered  and 
unfiltered  samples  incubated  under  light  (Q)  or  dark  (S) 
conditions.  Note:  all  samples  incubated  without  filtration 
were  filtered  immediately  before  titrations. 
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dark- incubated  samples  suggesting  production  of  ligands  during  growth  of 
photosynthetic  organisms.  In  contrast,  decreased  Cu  complexation  was 
observed  in  all  filtered  samples  regardless  of  light  or  temperature 
regimes.  Since  our  filtering  process  removes  phytoplankton  but  not  all 
the  bacteria,  this  decrease  in  complexation  is  consistent  with  microbial 
degradation  of  ligands.  However,  sorptive  loss  of  complexing  agents  to 
container  walls  may  also  contribute  to  the  observed  decrease  in  Cu 
complexation.  Although  some  fraction  of  the  Cu  complexing  agents  appear 
to  be  labile  on  time  scales  of  a  few  days,  relatively  refractory  ligands 
must  also  contribute  to  the  observed  Cu  complexation  as  only  a  slight 
additional  decrease  in  Cu  complexation  occured  between  4  and  15  days  of 
incubation. 

Enclosure  of  samples  for  incubation  studies  in  containers  is  likely 
to  have  perturbed  the  natural  biota;  nevertheless,  these  results  suggest 
active  biological  cycling  of  Cu  complexing  agents.  Since  samples  were 
incubated  in  polyethylene  (low  wavelength  light  effectively  excluded), 
it  is  unlikely  that  the  light  effect  on  unfiltered  samples  was  due  to 
abiotic  photochemistry.  Sorptive  loss  of  Cu  to  the  container  walls 
would  be  expected  to  result  in  a  uniform  increase  in  apparent  Cu 
complexation.  Thus,  we  attribute  the  decrease  in  Cu  complexation  to 
bacterial  degradation  of  complexing  agents  and  the  light-associated 
increase  in  Cu  complexation  to  phytoplankton  activity.  Since 
dark- incubated  unfiltered  samples  showed  decreased  Cu  complexation, 
death,  lysis  or  degradation  of  phytoplankton  or  zooplankton  in  the  dark 
apparently  do  not  contribute  to  observed  Cu  complexation.  Only  slight 


Cu  complexation  by  zooplankton  body  fluids  has  been  observed  in  a 
previous  study  (Fish  and  Morel,  1983). 

In  field  studies,  the  effect  of  phytoplankton  activity  on  Cu 
complexation  is  not  dramatic.  Only  small  changes  in  Cu  complexation 
were  observed  in  unfiltered  samples  in  the  diel  study  (Figure  3a). 
However,  the  slight  trend  of  increased  Cu  complexation  in  the  afternoon 
and  decreased  Cu  complexation  through  the  evening  and  night  is 
consistent  with  the  production  of  complexing  agents  linked  to 
photosynthetic  activity. 

Relative  to  the  total  complexation  capacity  of  Salt  Pond  waters, 
the  changes  we  observed  with  time  are  quite  small  (Figure  3b) .  This 
might  at  first  suggest  that  there  is  only  a  small  contribution  from 
labile,  biogenic  ligands  to  overall  metal  buffering  capacity,  the  major 
contribution  being  from  refractory  ligands  (possibly  humic  materials) . 
However,  this  is  not  necessarily  the  case.  Turnover  of  amino  acids  and 
polyamines  were  also  measured  in  the  pond  during  the  course  of  this 
study  (Lee  et  al . ,  in  prep.).  Results  from  measurements  earlier  in  the 
summer  during  a  phytoplankton  bloom  showed  short  turnover  times  and 
large  diel  changes  in  concentrations  of  these  biologically  labile 
compounds.  By  the  time  of  our  October  Cu  complexation  measurements 
however,  production  and  consumption  processes  in  the  pond  were  more 
balanced.  Even  though  turnover  of  the  compounds  was  rapid,  the 
concentration  of  the  labile  compounds  was  maintained  in  a  very  narrow 
range.  Thus,  we  cannot  discount  the  importance  of  labile  compounds  as 
complexing  agents  as  seen  in  the  incubation  experiments. 
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Figure  3 


(a)  Cu  titrations  of  Salt  Pond  water.  Samples  collected 

Oct.  9  (O)  1040h,  (A)  1530h,  (□)  1945h,  Oct.  10  (  V )  0440h. 

(b)  %  inorganic  Cu  (at  100  nM  added  Cu)  for  Salt  Pond  water  as 
a  function  of  time. 
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Measurement  of  Cu  complexation  in  Perch  Pond  waters  were  made  from 
Nov.  1984  to  April  1985  (Figure  4).  Although  it  is  not  clear  exactly 
when  in  December  the  onset  of  the  bloom  occurred,  changes  in  Cu 
complexation  observed  between  samples  taken  at  low  H.  triquetra 
densities  and  samples  taken  during  the  phytoplankton  bloom  were  on  the 
same  order  as  the  variability  observed  during  the  bloom.  However, 
increased  Cu  complexation  was  observed  as  phytoplankton  cell  numbers 
decreased  in  April,  perhaps  suggesting  production  of  complexing  agents 
as  a  result  of  phytoplankton  senescence. 

The  potential  influence  of  the  dinof lagellate  bloom  in  Perch  Pond 
on  Cu  complexation  may  be  assessed  by  comparison  of  culture  and  field 
studies.  Stationary  phase  cell  densities  obtained  in  culture  were  much 
higher  than  those  observed  in  the  field  even  under  bloom  conditions. 
However  as  Cu  titrations  of  culture  media  were  done  with  highly  diluted 
samples,  the  diluted  culture  media  from  H.  triquetra  grown  under  10  ^ 
and  10  ^  M  Fe.^  correspond  to  effective  cell  densities  of  2-3  xlO^  cell/L 
(roughly  equal  to  field  cell  densities  under  bloom  conditions) .  Based 
on  the  production  of  ligand  observed  in  the  culture  experiments,  we 
would  predict  that  the  dinoflagellate  population  would  have  contributed 
significantly  to  the  total  concentration  of  Cu  complexing  agents  in  its 
environment  at  naturally- occur ing  cell  densities. 

Both  incubation  and  culture  studies  indicate  that  production  of  Cu 
complexing  agents  is  associated  with  phytoplankton  photosynthetic 
activity.  However,  consistent  with  previous  observations,  only  small 
effects  due  to  photosynthetic  activity  or  phytoplankton  abundance  were 
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Figure  4.  H.  trlauetra  cell  densities  and  %  inorganic  Cu  (at  106  nM 

added  Cu)  in  Perch  Pond  over  sampling  period  Nov.  1984  through 
April  1985  (O  )  log  [cell/L] ,  (A)  %  inorganic  Cu  for  filtered 
samples,  (■)  %  inorganic  Cu  for  unfiltered  samples. 
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observed.  This  lack  of  strong  correlation  between  phytoplankton 
activity  and  Cu  coniplexation  observed  in  diel  and  seasonal  studies  may 
be  due  to  several  factors.  At  both  sites,  phytoplankton  production  and 
bacterial  degradation  of  labile,  biogenic  ligands  may  be  tightly  coupled 
so  that  ligand  concentration  remains  relatively  constant  as  discussed 
earlier.  A  significant  fraction  of  the  observed  Cu  complexation  may 
also  be  due  to  refractory  ligands  such  as  humic  acids.  In  Perch  Pond 
water,  mixing  with  coastal  seawater  may  reduce  the  importance  of 
phytoplankton-bloom  produced  ligands  relative  to  more  resistant  ligands 
possibly  present  in  coastal  waters.  Our  culture  experiments  may  be 
biased  by  different  physiological  conditions  of  H.  triquetra  in  culture 
(at  stationary  phase)  and  in  the  field  which  could  result  in  very 
different  ligand  release  rates.  The  increased  Cu  complexation  observed 
in  light- incubated,  unfiltered  samples  of  Perch  Pond  water  suggests 
that,  at  field  densities,  phytoplankton  activity  can  increase  Cu 
complexation  in  the  presence  of  bacteria.  However,  the  physiological 
conditions  of  the  phytoplankton  may  have  been  severely  perturbed  during 
incubation  studies  upsetting  the  balance  between  production  and 
degradation. 

Laboratory  studies  suggest  that  metal  speciation  in  natural  water 
may  be  influenced  by  biological  production  and  degradation  of  compiexlng 
agents.  However  in  coastal  ponds,  which  are  likely  to  be  subject  to 
large  inputs  of  terrigenous  materials,  measurements  of  Cu  complexation 
(analogous  to  bulk  measurements  of  biological  substrates)  are 
insufficient  to  resolve  the  mechanisms  controlling  the  concentrations  of 
naturally-occurlng  complexing  agents. 
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CHAPTER  THREE 


HUMIC  ACID  COMPLEXATION  OF  CALCIUM  AND  COPPER 


Abstract: 

High  affinity  metal  binding  by  isolated  humic  acids  has  been 
observed  for  both  copper  and  calcium  in  metal  titration  experiments . 
Results  of  titrations  of  humic  acids  with  a  single  metal  (either  calcium 
or  copper)  are  consistent  with  a  discrete  ligand  site  model  of 
humate -metal  binding.  However  copper  titrations  in  the  presence  of 
excess  calcium  do  not  show  competitive  effects  predicted  by  such  a 
model.  Hence,  different  ligand  sites  must  be  involved  in  calcium  and 
copper  binding  or  a  binding  mechanism  other  than  discrete  ligand  binding 
must  be  operative. 

Introduction 

Metal  coraplexation  by  naturally-occurring  ligands  has  been  reported 
for  a  wide  variety  of  aquatic  environments.  It  has  been  suggested  that 
such  natural  ligands  control  the  speciation  of  transition  metals  and 
thus  the  bioavailability  of  transition  metals  in  natural  waters.  Humic 
substances  (i.e.-  humic  and  fulvic  acids)  constitute  from  10-30%  of 
dissolved  organic  carbon  in  seawater  to  70-90%  in  wetland  waters  (1) . 
Metal  binding  by  humic  acids  has  been  demonstrated  for  materials 
isolated  from  a  variety  of  sources.  Thus  it  appears  that  at  least  some 
of  the  metal  complexation  observed  for  natural  waters  may  be  attributed 
to  humic  substances. 
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The  extent  and  nature  of  the  association  of  natural  ligands  with 
the  major  cations  (particularly  the  alkaline  earth  metals  calcium  and 
magnesium)  are  predicted  to  affect  the  affinity  of  such  ligands  for 
transition  metals.  Models  of  the  speciation  of  humic  substances  and  of 
transition  metals  in  natural  waters  suggoi;t  that  for  some  metals  (e.g.- 
copper  and  mercury)  metal -humate  complexes  should  predominate  in 
freshwaters .  Organic  complexation  is  predicted  to  be  less  important  in 
seawater;  the  decreased  importance  of  humic  substances  in  controlling 
the  speciation  of  transition  metals  in  seawater  is  a  consequence  of  the 
increased  complexation  of  the  humic  substances  by  alkaline  earth  metals 
(2,3,4).  Such  models  assume  competition  between  calcium  and  copper  for 
discrete  binding  sites. 

Metal -humate  interactions  have  been  modeled  by  describing  the  humic 
acid  as  a  mixture  of  discrete  ligands.  Such  models  successfully 
describe  titrations  of  humic  (or  fulvic)  acids  with  a  single  metal 
(5, 6, 7, 8)  or  with  two  transition  metals  (9).  However  the  discrete 
ligand  representation  does  not  provide  a  unique  description  of  titration 
data  and  thus  is  not  necessarily  descriptive  of  the  chemical  reality. 
Alternative  models  are  also  consistent  with  experimental  observations 
(6,10,11,12,13). 

Herein,  we  report  the  results  of  calcium  and  copper  titrations  of 
humic  acids.  The  results  of  titrations  with  either  metal  alone  can  be 
described  with  a  discrete  ligand  model.  Strong  humic-copper  binding  was 
observed  consistent  with  previous  results  (7,14,15).  However  observed 
calcium-binding  was  significantly  stronger  than  has  been  reported 
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(2,16,17,18),  a  difference  we  attribute  to  the  higher  ligand- to-metal 
concentration  ratios  we  examined.  Little  or  no  competition  by  calcium 
was  observed  in  copper  titrations.  This  lack  of  competition  suggests 
either  that  calcium  and  copper  are  bound  selectively  at  different  sites 
or  that  different  mechanisms  of  binding  are  operative  for  alkaline  earth 
and  transition  metals. 

Experimental  Section 

Humic  acid  preparation.  Following  a  modification  of  the  procedure 
described  by  Nash  and  Choppin  (19) ,  humic  acid  (obtained  as  the  Na  salt 
from  Aldrich  Chemical  Co.)  was  dissolved  in  water  (Millipore  Q-H2O)  and 
precipitated  by  the  addition  of  concentrated  HCl.  The  supernatant  was 
removed  after  centrifugation  and  the  solid  was  resuspended  in  3  M  HCl. 
The  supernatant  gave  an  intense  red  color  on  addition  of  KSCN  solution 
indicating  Fe(III)  contamination.  The  procedure  was  repeated  10  times 
with  acid  and  twice  with  a  water  rinse.  The  solid  was  resuspended  in 
water  and  transferred  to  a  loosely  covered  culture  dish.  The  sample  was 
dried  at  80°C  for  2  days.  [This  material  is  referred  to  in  the  text  as 
acid-washed  Aldrich  humic  acid. ] 

The  Aldrich  humic  acid  was  also  cleaned  more  gently  by 
precipitating  with  acid  followed  by  water-washing  (3  times  as  described 
above)  and  drying  (referred  to  in  the  text  as  water-washed  Aldrich  humic 
acid).  Pre- treatment  was  necessary  to  eliminate  the  significant  calcium 
contamination  observed  in  a  titration  of  untreated  Aldrich  humic  acid. 

Calcium  titrations  of  Reference  Suwannee  Stream  Humic  Acid  (USGS) 
were  performed  on  untreated  and  acid-washed  humic  material. 
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Elemental  analysis  shows  significant  differences  between  the  two 

humic  acids  used  in  this  study.  The  nitrogen  content  of  Aldrich  humic 

acid  (0.51%  after  purification  to  the  H^-  form)  reported  by  Malcolm  and 

MacCarthy  (20)  is  lower  than  the  value  of  1.1%  for  Suwannee  Stream 

reference  humic  acid  provided  by  the  USGS .  The  average  molecular  weight 

of  Suwannee  Stream  humic  acid  is  approximately  1100  Da  (G.  Aiken,  pers. 

comm.).  It  is  likely  that  the  average  molecular  weight  of  the 

commercial  material  is  considerably  higher  as  it  is  derived  from 

13 

sedimentary  sources.  Based  on  C-NMR  data,  Malcolm  and  MacCarthy  (20) 
have  concluded  that  commercial  humic  acids  are  not  representative  of 
aquatic  or  soil  humic  acids.  However  comparison  of  calcium  titration 
data  for  Aldrich  and  Suwannee  Stream  humic  acids  (vide  infra)  indicates 
that  use  of  re-precipitated  commercial  humic  acid  in  preliminary  studies 
of  metal  complexation  is  not  inappropriate. 

Solutions  of  humic  acid  for  calcium  titrations  were  prepared  in  the 
appropriate  electrolyte  from  dried  samples.  Base  was  added  to  dissolve 
the  humic  acid,  the  pH  was  adjusted  to  8.2  and  the  samples  were 
equilibrated  for  at  least  2  hours  before  titrations.  For  copper 
titrations,  dilute  solutions  of  the  humic  acid  in  electrolyte  were 
prepared  from  a  slightly  alkaline  concentrated  solution.  The  stock 
solution  was  stored  at  4°C  in  the  dark. 

Calcium  titrations.  Analytical  grade  reagents  were  used  without 
further  purification.  Calcium  titrations  were  performed  by  addition  of 
stock  solutions  of  CaCl2  to  100  mL  of  solutions  of  humic  acid  (at  -0.2, 
1.0,  and  2.0  g/L)  in  0.08  M  KCl,  2raM  NaHCO^ .  Solutions  were  bubbled 
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with  air  during  the  titrations.  Free  calcium  ion  concentrations  were 

measured  with  an  Orion  93-20  calcium  ion  selective  electrode  with  an 

Orion  701A  pH  meter.  A  constant  pH  of  8.20  ±  0.05  was  maintained  during 

the  titration  by  the  addition  of  base.  Titrations  were  performed  at  22 

±  2°C .  Calibration  curves  were  run  in  the  same  electrolyte  solution 

immediately  preceding  each  sample  titration  and  the  final  point  of  the 

calibration  curve  was  rechecked  after  the  sample  titration.  Response  of 

2+  -  5 

the  calcium  electrode  was  Nernstian  above  (Ca  )  =  10  M.  Below  this 

2+ 

value,  the  relationship  between  log(Ca  )  and  the  potential  was  obtained 

from  empirical  calibration  curves  at  low  total  calcium  as  recommended  by 

the  manufacturer  (cf.  ref.  21).  The  non-Nernstian  response  of  the 

electrode  in  this  range  most  probably  results  from  competitive  ion 

+  2+ 

exchange  of  protons  or  K  in  place  of  Ca  (22).  The  detection  limit 
for  the  calcium  ion  selective  electrode  is  10  ^  M  (manufacturer's 
specifications) . 

Inorganic  complexation  of  calcium  by  carbonate  or  hydroxide  is  not 
calculated  to  be  important  in  these  solutions  based  on  the  constants  for 
calcium  complexation  given  by  Smith  and  Martell  (23).  [Constants  were 
adjusted  for  ionic  strength  as  in  ref.  4.]  At  the  end  of  the 
titrations,  the  solutions  are  super -saturated  with  respect  to  calcite. 
However,  calibration  curves  do  not  indicate  precipitation  of  any  solid 
calcium  phase.  Precipitation  of  inorganic  calcium  minerals  is  therefore 
disregarded  in  further  discussion. 

Copper  titrations.  Copper  titrations  were  performed  by  the 
addition  of  stock  solutions  of  CuCl^  (2.0  x  10  ^  M  freshly  prepared  from 
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-2  0 

10  M  solutions)  to  160  mL  of  solutions  of  humic  acids  (at  0.3  and 
0.6  mg/L)  in  0.5  M  NaCl,  2  itiM  NaHCO^ .  The  initial  pH  of  humic  acid 
solutions  were  in  the  range  8.2  to  8.3.  Changes  in  pH  during  the 
titration  were  less  than  0.05  pH  units.  Calibration  curves  were  run  in 
the  same  electrolyte  solution  immediately  preceding  each  sample 
titration.  Inorganic  copper  concentrations  were  measured  by 
fixed-potential  amperometry  at  90  mV  relative  to  Ag/AgCl .  Application 
of  this  amperometric  method  for  determination  of  inorganic  copper  in 
seawater  has  been  described  previously  (24,25).  Amperometric 
measurements  were  made  with  an  Environmental  Science  Associates  Model 
3040  Charge  Transfer  Analyzer  equipped  with  a  pyrolytic  graphite  working 
electrode,  Pt  counter-electrode,  and  Ag/AgCl,  saturated  NaCl  reference 
electrode.  The  Charge  Transfer  Analyzer  and  electrode  systems  have  been 
described  in  detail  by  Matson  et  al.  (26). 

Modeling.  Metal  titration  curves  were  fit  assuming  complexation  by 
discrete  ligands.  The  optimization  of  stability  constants  (K^)  and 
ligand  concentrations  (Lj^.p)  for  individual  titrations  was  done  using 
FITEQL  (27).  Subsequent  iterations  to  adjust  constants  for  calcium  and 
copper  titrations  simultaneously  were  done  by  hand.  The  equation 


were 


o  2 

copper  the  inorganic  species  CuOH  ,  CuCO^ ,  and  Cu(CO^) ^ 
cons idered . 

Precipitation  of  a  calcium-humate  solid  phase  is  not  considered  in 

modeling  the  titration  data  although  some  aggregation  of  the  humic 

material  was  observed  at  the  end  of  the  calcium  titrations.  The  calcium 

titration  curves  can  be  modeled  without  considering  any  solid  Ca-humate 

phase  and  do  not  show  obvious  control  of  calcium  ion  concentrations  by  a 

2+ 

solid  (i.e.-  constant  (Ca  )  in  the  presence  of  excess  humates) .  In 
such  a  complex  system,  however,  the  consistency  of  a  fit  that  neglects 
Ca  solids  with  the  titration  data  does  not  prove  that  Ca  speciation  is 
unaffected  by  any  precipitation  of  Ca-humate. 

Results  and  Discussion 

Calcium  titrations  of  acid-cleaned  Aldrich  humic  acid 
(concentrations  2.0,  1.0,  and  0.26  g/L)  and  of  Suwannee  Stream  humic 
acid  (concentrations  1.0  and  0.22  g/L)  clearly  show  decreased  free 
calcium  ion  concentration  with  an  increase  in  total  humic  acid 
concentration  at  lower  values  of  total  calcium  (Fig.  la  and  b) .  The 
solid  curves  shown  in  all  figures  are  generated  from  discrete  ligand 
model  fits  (vide  infra).  It  is  this  region  of  the  curve  (i.e.-  low 
metal- to- ligand  ratios)  from  which  the  existence  of  high  affinity 
metal -binding  sites  present  at  low  concentrations  may  be  deduced. 

Although  pre- treatment  of  the  Aldrich  humic  acid  was  required  to 
remove  calcium  contamination,  the  water-washed  humic  acid  showed  only 
slightly  less  calcium  binding  than  the  acid-washed  samples.  Titrations 
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Fig.l.  Calcium  titration  data  shown  with  model  fits  using  ligands  in 
Table  I  (solid  curves)  (a)  Aldrich  humic  acid  (O)  2.0  g/L, 
(□)  1.0  g/L,  (A)  0.26  g/L,  (O)  0.26  g/L  (b)  Suwanee  Stream 
humic  acid  (□)  1.0  g/L,  (O  )  0.22  g/L. 
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of  Suwannee  Stream  humic  acid  re - prec ipi tated  and  washed  with  acid 

showed  no  significant  difference  in  calcium  binding  from  untreated 

samples  (Figure  2a, b  ).  This  similarity  indicates  that  the  washing 

treatment  does  not  affect  the  intrinsic  calcium  binding  ability  of  the 

humic  acid  and  is  suitable  for  removing  contaminating  metals. 

Copper  titration  of  Suwannee  Stream  humic  acid  (0.0003  and  0.0006 

g/L)  also  show  significant  metal  complexation  (Fig.  3) .  Little  or  no 

-  2 

effect  of  calcium  (at  10  M)  was  observed  on  copper  titrations  (Fig. 

-2 

4a, b).  In  contrast,  the  presence  of  10  M  Ca  has  a  marked  effect  on 
copper  complexation  by  a  well-defined  ligand,  nitrilotriacetic  acid,  in 
agreement  with  thermodynamic  predictions  (Fig.  4c) . 

Calcium  titrations  of  both  Suwannee  Stream  and  Aldrich  humic  acids 
were  fit  using  a  discrete  ligand  model  with  3  ligands  (i.e.-  3  different 
sites  for  Cu-binding  on  the  humic  acid)  (Table  I).  The  fitting  routine 
was  constrained  by  using  the  same  stability  constants  (K^)  for  both 
types  of  humic  acids  and  adjusting  the  ligand  concentrations  (Lj^,j,)  .  A 
single  set  of  ligands  (normalized  for  amount  of  humic  acid)  is 
consistent  with  all  titration  data  over  a  10-fold  range  in  humic  acid 
concentration . 

Both  the  calcium  and  copper  titrations  of  Suwannee  Stream  humic 

acid  were  modeled  by  assuming  a  single  set  of  ligand  concentrations  (in 

mole  sites/  g  humic  acid).  The  stability  constants  obtained  with  this 

4  5 

constraint  are  roughly  10  -10  -fold  stronger  for  copper  than  for  calcium 
(Table  II) .  Some  caution  should  be  exercised  in  applying  this  model 
over  such  a  large  range  in  humic  acid  concentrations.  Aggregation  of 
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Fig.  2 


1 


Effect  of  pre - treatment  on  calcium  titration  data  (a)  Aldrich 
humic  acid  1.0  g/L  (O)  water-washed,  ( )  acid-washed  (b) 
Suwanee  Stream  humic  acid  0.22  g/L  (□)  untreated, 

( V )  acid-washed. 
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Fig.  3 


Copper  titrations  of  Suwanee  Stream  humic  acid  with  model  fits 
using  ligands  in  Table  II  (solid  curves)  (O)  0.3  mg/L  (average 
of  4  titrations),  (V )  0.6  mg/L  (average  of  two  titrations). 
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Fig.  4.  Effect  of  calcium  on  copper  titrations  of  SSHA  (a)  0.3  mg/L 

(□)  no  Ca,  (V)  10’^  M  Ca  (b)  0.6  mg/L  (O)  no  Ca,  (A)  lO'^ 

H  Ca  and  of  NTA  (c)  (O)  no  Ca,  (O)  10  ^  M  Ca  (solid  curves 

are  predicted  values).  [N.B.-  The  deviation  of  observed  and 

-2 

predicted  values  for  10  M  Ca  at  high  added  Cu  may  be  due  to 
lability  of  the  CuNTA  complex  under  these  conditions  (cf.  ref. 
24).] 
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Table  I.  Discrete-ligand  model  fit  for  Suwanee  Stream  and  Aldrich  humic 
acids  (values  for  stability  constants  are  constrained) 


log  K 


CaL 


(mole  site/g  humic  acid) 
SSHA  Aldrich 


6.0 

5.0 

X 

10"^ 

CM 

X 

]0'^ 

A.l 

2.0 

X 

io“^ 

4.1 

X 

lO"^ 

CM 

1.8 

X 

10'^ 

1.2 

X 

10'^ 

58 


Table  II.  Discrete  ligand  model  fit  for  calcium  and  copper  titration 
data  of  SSHA  (values  for  total  ligand  concentrations  are  constrained) 


L.J,  (mole  site/  g  humic  acid) 


log  K 


CaL 


log  K 


CuL 


5.0  X  10'^  6.0  >11 

2.0  X  lO'”^  4.1  9.2 

1.8  X  10'^  2.9  6.6 
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humic  and  fulvic  acids  at  high  concentrations  has  been  shown  to 

contribute  to  copper  complexation;  however,  aggregation  is  considered  to 

be  less  likely  to  influence  calcium  binding  (28,29). 

The  congruence  of  the  discrete  ligand  representations  for  calcium 

and  copper  titrations  of  Suwanee  Stream  humic  acid  (over  >1000-  fold 

range  in  humic  acid  concentrations)  may  be  taken  to  imply  that  the  same 

ligand  sites  are  involved  in  complexation  of  both  alkaline  earth  and 

transition  metals.  This  interpretation  would  predict  direct  competition 

between  copper  and  calcium  for  high  affinity  binding  sites.  However 

such  competitive  behavior  is  not  observed.  Cabaniss  and  Shuman  (5)  and 

Sunda  and  Hanson  (14)  have  reported  only  slight  competition  between 

calcium  and  copper  in  fulvic  acid  titrations.  Recent  observations  by 

McKnight  and  Uershaw  (30)  show  decreasing  copper  complexation  by  fulvic 

-5  -3 

acid  with  an  increase  in  calcium  concentration  from  10  to  10  M  (with 

Ca(N02)2  as  the  sole  supporting  electrolyte).  However,  no  further 

-2 

decrease  in  copper  complexation  was  observed  for  10  M  calcium.  This 
behavior  was  attributed  to  structural  heterogeneity  of  humate 
copper-binding  sites  and  competition  of  copper  and  calcium  for  only  a 
portion  of  th?  binding  sites  with  no  competition  for  other  sites.  The 
lack  of  a  competitive  effect  of  calcium  in  our  copper  titration 
eX(-criments  is  .-enw  I.-l.  our  oHoai-iriii:  l-n*!  that  the  kinetics  of 

copper  complexation  by  Suwannee  Stream  humic  acid  is  unaffected  by  the 
presence  of  calcium;  in  contrast,  copper  complexation  by  EDTA  is 
kinetically  hindered  in  seawater  (31). 
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However  convenient  and  descriptive  the  discrete  ligand  model  is  for 
fitting  titrations  of  humic  or  fulvic  acids  with  a  single  metal,  it 
requires  separate  ligand  sites  to  predict  the  observed  lack  of 
competition  between  calcium  and  copper.  Assumptions  of  competitive 
effects  in  complexation  models  are  likely  to  result  in  underestimation 
of  transition  metal  complexation  in  seawater. 

It  is  also  possible  that  this  data  fitting  model  does  not 
correspond  to  the  physical -chemical  reality  of  metal  binding  by  humates. 
Mechanisms  other  than  discrete  ligand  binding,  such  as  electrostatic  or 
territorial  binding,  may  govern  complexation  of  alkaline  earth  and 
transition  metals.  Data  on  interactions  of  humic  acids  with  several 
metals  and  particularly  on  competitive  interactions  serves  to  constrain 
models  of  metal-humate  interactions. 
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CHAPTER  FOUR 


KINETICS  OF  TRACE  METAL  COMPLEXATION:  THE  ROLE  OF  ALKALINE  EARTH  METALS 

Abstract: 

The  formation  reactions  of  metal  complexes  are  known  to  be 

intrinsically  fast  for  most  metals.  However,  at  the  high  alkaline  earth 

concentrations  of  seawater,  a  dramatic  reduction  in  the  rate  of  copper 

coraplexation  by  the  model  ligand  ethylenediaminetetraacetic  acid  (EDTA)  is 

observed.  For  example,  the  (pseudo  first-order)  half-life  for  inorganic 

copper  reacting  with  EDTA  in  seawater  is  -2  h  at  lO'^  M  EDTA,  -20  h  at 
-  8 

10  M  EDTA,  etc.  This  kinetic  hindrance  to  the  formation  of  the 
thermodynamically- favored  CuEDTA  species  results  from  several  factors:  (1) 
the  preponderance  of  the  calcium  complex  in  the  speciation  of  EDTA,  (2) 
the  competition  of  calcium  and  copper  for  reaction  with  any  free  EDTA 
formed  by  the  dissociation  of  CaEDTA,  and  (3)  the  slow  kinetics  of  direct 
attack  of  Cu  on  CaEDTA  compared  to  reaction  with  free  or  protonated  EDTA 
species.  If  metal  complexing  agents  in  natural  waters  behave  as  discrete 
ligands,  then  the  reaction  of  a  metal  at  strong  binding  sites  may  also  be 
kinetically  hindered  at  high  alkaline  earth  concentrations.  In  contrast 
with  the  reaction  of  EDTA,  however,  the  rate  of  complexation  of  Cu  by 
humic  acid  is  not  observably  affected  by  high  calcium  concentrations. 

At  environmentally  representative  metal  and  ligand  concentrations, 
the  reaction  of  CaEDTA  with  Cu  proceeds  through  two  types  of  mechanisms, 
an  indirect  pathway  involving  dissociation  (partly  acid-catalyzed)  of  the 
Initial  alkaline  earth  metal  complex  and  a  direct  pathway  involving 
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formation  of  an  intermediate  dinuclear  complex  with  both  metals  partially 
bound  to  the  ligand.  The  direct  pathway  is  increasingly  favored  at  high 
Ca  and  Mg  concentrations.  Rate  constants  are  given  for  both  pathways. 

The  observed  rate  constants  can  be  related  to  specific  attributes  of 
the  reacting  ligands  and  metals.  Rates  of  reactions  through  both  indirect 
and  direct  pathways  are  governed  by  the  affinity  of  the  ligand  for  the 
alkaline  earth  metal.  The  stability  of  the  protonated  complex  determines 
the  importance  of  the  acid-catalyzed  indirect  pathway.  The  rate  of 
indirect  exchange  is  inversely  proportional  to  the  alkaline  earth  metal 
concentration  and  is  accelerated  at  low  pH.  Thus,  for  a  given  ligand, 
environmental  factors  (alkaline  earth  metal  concentrations  and  pH)  will 
determine  which  pathway  for  metal  exchange  predominates.  The  slowest 
exchange  kinetics  will  occur  under  high  alkaline  earth  and  pH  conditions 
(i.e.-  seawater).  Rates  of  metal  exchange  reactions  are  predicted  for  a 
series  of  ligands  and  the  implications  of  these  results  for  metal  exchange 
reactions  of  naturally-occuring  ligands  are  examined. 

Introduction 

Chemical  reactions  (e.g.-  oxidation-reduction,  complexation,  or 
precipitation)  occurring  in  the  aquatic  environment  have  often  been 
modeled  by  assuming  equilibrium  or  steady- state  conditions.  Several 
recent  reviews  have  focused  on  the  validity  of  such  assumptions  and 
compared  the  time-scaler  (or  half-lives)  of  chemical  reactions  with  those 
of  appropriate  physical  processes  such  as  mixing.  (1-4) 

This  paper  focuses  on  the  kinetics  of  trace  metal  complexation 
reactions.  The  effects  of  complexation  on  bioavailability  and  toxicity 
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(5-7),  sorption  (8-10),  precipitation/dissolution  (11)  and 
oxidation/reduction  of  metals  (12,13)  have  been  widely  demonstrated. 
Disequilibrium  between  metals  and  complexing  ligands  in  natural  waters  may 
result  from  changes  in  either  reactant  concentration.  Changes  in  metal 
concentrations  may  arise  from  mixing  of  water  masses,  upwelling  of  deep 
waters  (14-17),  photochemical  dissolution  of  oxides  (12,13,18),  or 
anthropogenic  inputs  (19)  .  Biological  production  (20-29)  and 
anthropogenic  inputs  (30,31)  may  both  contribute  to  changes  in  ligand 
concentrations.  Such  perturbations  may  have  significant  ecological 
consequences  if  the  rate  of  re-establishment  of  chemical  equilibrium  is 
slow  compared  to  rates  of  competing  processes  (such  as  biological  metal 
uptake) . 

The  kinetics  of  metal  complexation  reactions  may  also  have  important 
implications  for  analytical  measurements  of  metal  complexation.  Most 
methods  for  the  determination  of  metal  complexation  in  natural  waters 
involve  metal  additions  to  water  samples.  Times  chosen  for  the 
equilibration  of  added  metal  with  the  sample  vary  as  do  observations  of 
the  effects  of  equilibration  times.  These  effects  may  arise  from  other 
processes  (e.g.-  metal  adsorption  to  container  walls  or  biological 
transformations)  as  well  as  from  slow  complexation  reactions  (32-34).  The 
results  of  analytical  methods  involving  ligand -exchange  process  (i.e.- 
equilibrium  with  added  ligands)  may  also  be  influenced  by  the  kinetics  of 
complexation  reactions  (35-37) . 

In  addition  to  the  nature  and  concentrations  of  the  metal  and  ligand, 
the  kinetics  of  complexation  in  aquatic  systems  are  likely  to  be 
influenced  by  the  concentrations  of  alkaline  earth  metals  and  pH.  In 
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natural  waters,  particularly  in  seawater,  alkaline  earth  metals  are 
predicted  to  control  the  speciation  of  naturally-occuring  ligands  (38-40). 
Thus  the  kinetics  of  complexation  of  transition  metals  added  to  natural 
waters  may  be  governed  by  the  rate  of  exchange  with  alkaline  earth  metals 
complexed  to  natural  ligands.  The  net  result  can  be  a  dramatic 
retardation  of  complexation  reactions  which  are  otherwise  expected  to  be 
rapid.  This  has  been  observed  in  artificial  seawater  where  the  slow 
equilibration  of  added  copper  to  a  phytoplankton  culture  containing 
artificial  chelators  resulted  in  initially  high  toxicity  (5). 

Due  to  the  complexity  and  heterogeneity  of  natural  ligands,  the 
kinetics  of  metal-exchange  reactions  involving  such  ligands  are  extremely 
difficult  to  study.  We  have  chosen,  therefore,  to  investigate  the  rates 
and  mechanisms  of  exchange  reactions  with  well-defined  ligands  (EDTA  and 
NTA)  under  conditions  of  environmental  interest  (i.e.- 

environmentally-representative  ligand  and  metal  concentrations,  pH,  ionic 
strength,  and  a  range  of  alkaline  earth  metal  concentrations).  The 
objective  of  such  a  study  is  to  correlate  the  observed  rates  of  metal 
exchange  reactions  with  the  reactivity  of  the  metals  and  ligands  and  with 
environmental  parameters  to  provide  a  conceptual  framework  for  the 
kinetics  of  metal  exchange  reactions  with  both  natural  and  artificial 
ligands  in  natural  waters. 

Background 

Metal-exchange  reactions  of  the  type: 

AL  +  M  - '  A  +  ML 

Here;  A  -  Ca  or  Mg  and  M  -  Cu 
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have  been  shown  to  proceed  through  two  types  of  mechanisms:  an  indirect 
pathway  involving  dissociation  (partially  acid-catalyzed)  of  the  initial 
alkaline  earth  metal  complex  and  a  direct  pathway  involving  formation  of 
an  intermediate  dinuclear  complex  with  both  metals  bound  to  the  ligand. 

The  mechanisms  of  transition  metal  exchange  reactions  (e.g.-  A  -  Ni,  M  - 
Cu)  of  EDTA  have  been  reviewed  by  Margerum  (41)  and  Margerum  et  al .  (42). 
Such  reactions  proceed  predominantly  via  a  direct  pathway.  For  reactions 
of  alkaline  earth  complexes  both  indirect  (43)  and  direct  (44-47)  pathways 
have  been  demonstrated.  Although  reactions  of  CaEDTA  with  Pb  (43)  and  Cd 
(44)  have  been  described  mechanistically,  the  studies  were  conducted  with 
the  transition  metal  in  excess  of  the  alkaline  earth  metal  (Pb  exchange) 
and  with  millimolar  or  greater  ligand  concentrations  (Cd  exchange) . 

Metal -exchange  experiments  conducted  under  more  realistic  conditions 

“8  -  7 

(ligand  and  metal  concentrations  10  to  10  M)  by  Raspor  et  al .  (45-47) 
were  not  conducted  under  the  range  of  conditions  (i.e.-  in  Ca  and 
concentrations)  necessary  for  the  determination  of  mechanistic  pathways. 

In  this  paper,  the  mechanistic  description  of  metal -exchange 
reactions  of  alkaline  earth  complexes  of  EDTA  is  used  as  a  basis  for 
relating  observed  reaction  rates  to  a  thermodynamic  description  of 
metal - ligand  interactions  (see  also  ref.  4)  and  environmental  parameters 
such  as  pH  and  alkaline  earth  metal  concentrations.  This  approach  allows 
for  extrapolation  to  other  ligands  and  conditions  pertinent  to  natural 
waters.  The  implications  of  these  studies  for  the  complexation  reactions 
of  natural  ligands  is  discussed. 
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Theory 

Results  of  the  kinetics  experiments  are  interpreted  based  on  a 
reaction  mechanism  involving  both  direct  and  indirect  pathways.  [Terms 
and  definitions  are  given  in  Table  I.]  The  choice  of  reaction  pathways  is 
based  on  our  empirical  (i.e.-  hindsight)  observations  of  reaction  rates 
under  varying  initial  reactant  concentrations  and  on  previous  work  (vide 
supra) ■  Rate  expressions  are  derived  for  indirect,  proton-catalyzed 
indirect,  and  direct  pathways  assuming  steady- state  concentrations  of 
intermediate  species  and  negligible  back-reaction  of  products  (48) . 
Previous  work  (41,  44)  has  demonstrated  no  significant  acid-catalyzed 
direct  pathway.  Such  a  pathway  is  therefore  neglected  in  this  discussion. 
The  mechanistic  pathways  are  outlined  below  and  the  rate  expressions  (for 
conditions  of  excess  alkaline  earth  metals  [i.e.-  (A)  »  (Cu) ]  are  given. 


Indirect  mechanism: 

^-1  ^ 

AL  -  A  +  L  ;  k, /k  - 

k,  AL  1  -1 


?  L 

Cu  +  L  CuL  ;  kj:  -  k_ 

-d(Cu)  -  k_j^k2  (AL)(Cu) 


k^^  (AL)(Cu) 


(1) 


dt 


(A) 


^AL 


Acid-catalyzed  indirect  mechanism: 

AL  +  H  -  ALH 


ALH 


A  +  HL 
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Table  I.  Terms  and  Definitions 


A . 

,  L  ,  L 

*=«  ‘‘Cu- 

,  HL 

*=Cu . 

,  AL 

. 

Cu 

,  A--L 

. 

Cu 


j^Cu-H20 

‘‘aL  ‘SlL 


an  alkaline  earth  metal,  either  Ca  or  Mg 

intrinsic  rate  constant  for  the  formation  of  complex  ML 

or  CuL  by  reaction  of  M  or  Cu  with  ligand  L 

intrinsic  rate  constant  for  the  formation  of  complex  CuL 

by  reaction  of  Cu  with  the  protonated  ligand  HL  (H^  is 

displaced  by  the  incoming  metal) 

intrinsic  rate  constant  for  direct  attack  of  Cu  on 
complex  AL  to  give  the  product  CuL 
rate  constant  for  reaction  of  Cu  with 
partially-dissociated  complex  A---L  to  give  the 
dinuclear  complex  ALCu 

rate  constant  for  water- loss  from  the  inner  coordination 
sphere  of  Cu 

equilibrium  stability  constant  for  complex  AL  or  HL 
stability  constant  for  the  complex  AL  with  respect  to 

the  partially-dissociated  complex  A - L,  thus 

K*  -  [aL]/[A---L] 
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HL  +  Cu 


CuLH 


CuLH 


^-5 


CuL  +  H 


k  - 

5  Cu 


Assuming  k  k^  and  introducing  (k^/k  ^)/('k.^/'k.  -• 


•5  6 

the  rate  expression 


HT 

-d(Cu)  -  k^k3k  ^  (Cu)(AL)(H)  -  kJJj  (AL)(Cu)(H) 


(2) 


dt 


(A) 


K 


‘AL 


(A) 


Direct  mechanism: 


AL  +  Cu 


ALCu 


ALCu 


'-b 


A  +  CuL 


AL 


-d(Cu)  -  k  j^k^  (AL)(Cu)  -  k"“  (AL)(Cu) 


(3) 


dt 


k  +  k  , 
-a  -b 


In  view  of  the  much  greater  affinity  of  the  ligand  for  the  transition 
metal  Cu  than  for  the  alkaline  earth  metal  A,  it  is  reasonable  to  assume 
k  ,  »  k  The  rate  constant  for  the  direct  pathway  then  reduces  simply 

-  "  S. 

to  k^,  the  rate  of  formation  of  the  dinuclear  complex. 

The  direct  reaction  may  be  written  to  include  explicitly  the  partial 

dissociation  of  the  initial  complex  required  for  the  formation  of  the 

dinuclear  complex: 

k 


AL 


‘-0 


'0 


A---L 


;  K  -  k^,/  k 


A---L  +  Cu  ALCu  ;  k-  -  k^"^ 

f  Cu 


Then  for  a  steady-state  concentration,  of  A---L, 
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-d(Cu)  -  k  (AL)(Cu) 
a 


dt 


k  ^k^  (AL)(Cu)  -  kj”^  (AL)(Cu) 


(4) 


K 


For  all  the  above  mechanisms,  the  overall  rate  law  is: 

(AL)(Cu) 


d(Cu)  - 

k^  + 

1  -  CM 

dt 

.  ‘^AL 

‘'al  , 

1 

< 

\ 

(5) 


The  alkaline  earth-dependent  component  of  the  observed  rate  constant 

L  HL  + 

corresponds  to  the  term  '^AL  alkaline  earth 

A-  -L 

independent  component  of  the  observed  rate  constant  to  the  term  (k  ) / 

K  .  The  contribution  of  these  pathways  may  be  evaluated  by  observing  the 
dependence  of  the  overall  second-order  rate  "constant"  (i.e.-  rate  = 
kobs a  function  of  the  concentration  of  alkaline  earth  metals 
in  solution  and  pH. 

For  the  prediction  of  the  half-life  of  Cu  reacting  with  AL,  the 
pseudo  first-order  rate  constant  is  equal  to  the  overall  second-order  rate 
constant  (at  specified  pH  and  alkaline  earth  concentrations)  multiplied  by 
the  total  ligand  concentration  AL  (which  is  assumed  to  be  constant) . 

Metal  half  lives  for  reaction  via  indirect  or  direct  pathways  are 
predicted  by  including  only  the  appropriate  terms  in  the  rate  equation. 
Thus  for  tno  indirect  pathway,  the  pseudo  first-order  rate  constant  is: 


4 


■'al 


(6) 


and  the  pseudo  first-order  half  life  for  Cu  is  simply  ln2/rate  constant. 
For  the  direct  pathway,  the  pseudo  first-order  rate  constant  is: 


(7) 
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It  must  be  emphasized  that  these  mechanisms  and  rate  equations  apply 


only  in  the  case  where  the  speciation  of  the  ligand  is  dominated  by  the 
alkaline  earth  metal  A.  If  the  alkaline  earth  complex  is  not  the  major 
ligand  species,  then  the  rate  of  complexation  is  controlled  by  the  rate  of 
reaction  of  Cu  with  the  free  or  protonated  ligand.  Under  these 
conditions,  fast  reactions  (<  minutes)  are  expected  (vide  infra). 


Experimental  Section 

All  chemicals  were  analytical  grade  and  most  were  used  without 
further  purification.  However,  in  preparation  of  the  electrolyte 
solutions  (0.5  M  NaCl) ,  5  M  NaCl  solutions  were  treated  with  Chelex  100  to 
remove  trace  metals  and  then  diluted  with  Milli-Q  water.  [Chelex  100 
resin  was  cleaned  with  3  M  NH^OH,  rinsed  extensively  and  reconverted  to 
the  Na^-form  before  use  to  minimize  leaching  of  organic  chelators  from  the 
resin.]  Suwanee  River  humic  acid  obtained  from  the  U.S.  Geological  Survey 
was  cleaned  by  re-precipitation  from  acid  solution.  The  precipitated 
humic  acid  was  water-washed  and  dried. 

Kinetics  experljments .  Reactions  of  alkaline  earth  metal  complexes  of 
EDTA  (or  NTA)  with  Cu  were  followed  by  measuring  concentrations  of 
inorganic  copper  over  time.  Inorganic  copper  concentrations  were  related 
to  the  current  measured  over  35  sec  at  90  mV  relative  to  Ag/AgCl  in  a 
well-stirred  solution  as  Cu(II)  was  reduced  to  Cu(l) .  [Current  measured 
without  stirring  was  subtracted  to  account  for  non-mass  transport- limited 
phenomena.]  Application  of  this  amperometric  method  for  the  determination 
of  inorganic  copper  in  seawater  has  been  described  previously  (49,  50). 
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Amperometric  measurements  were  made  with  an  Environmental  Science 
Associates  Model  3040  Charge  Transfer  Analyzer  equipped  with  a  pyrolytic 
graphite  working  electrode,  Ft  counter-electrode,  and  Ag/AgCl,  saturated 
NaCl  reference  electrode.  The  Charge  Transfer  Analyzer  and  electrode 
systems  have  been  described  in  detail  by  Matson  et  al .  (51). 

Copper  was  added  to  electrolyte  (either  UV-oxidized  Sargasso  seawater 

or  solutions  of  0.5  M  NaCl,  2  mM  NaHCO^  with  varying  concentrations  of  Ca 

or  Mg)  and  equilibrated  with  the  electrode  system.  Aliquots  of  pre-formed 

alkaline  earth  metal  complexes  of  EDTA  (i.e.-  EDTA  pre-equilibrated  with 

excess  Ca  or  Mg)  were  added  and  the  decrease  in  concentration  of  inorganic 

copper  was  measured  over  time.  [The  experiments  were  performed  by  adding 

ligands  rather  than  metals  to  the  solution  because  the  electrode  responds 

much  faster  to  decreases  than  to  increases  in  inorganic  copper.]  Figure 

la  shows  the  electrode  response  to  copper  additions  and  to  addition  of  a 

large  excess  of  ligand.  Response  of  the  electrode  system  to  a  decrease  in 

inorganic  copper  concentration  either  by  complexation  (with  excess  ligand 

as  in  the  figure)  or  by  dilution  was  instantaneous  on  the  time  scale  of 

the  amperometric  measurement  (-1  min).  For  each  run,  electrode  response 

to  copper  additions  (after  equilibration)  in  the  absence  of  any  ligands 

was  used  as  a  calibration  curve  (as  in  Figure  lb).  [N.B.-  At  high  Ca 

concentrations,  the  solutions  were  formally  super -saturated  with  respect 

2+ 

to  calcite.  However,  measurement  of  free  Ca  concentrations  with  a 
calcium  ion- selective  electrode  showed  no  precipitation  of  any  solid 
calcium  phase . ] 

Data  treatoent.  Inorganic  copper  concentrations  were  plotted  against 
time  after  ligand  additions  to  obtain  kinetic  parameters.  For  most  of  the 
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Figure  1.  Amperometric  determination  of  inorganic  copper  in  0.5  M  NaCl, 
0.01  M  CaCl^,  0.002  M  NaHCO^  (a)  Response  (counts)  to  addition 
of  12.5  nM  Cu  at  t-0,  810,  and  1620  sec  and  to  addition  of  63 
CaEDTA  at  t-4800  sec  (b)  Calibration  curve  for  response  vs. 
added  Cu. 


75 


counts 


was  small  (<5%  for  the 


CaEDTA  experiments  the  change  In  (CaEDTA) 

initial  reaction).  In  these  cases,  ln[  (Cu)  was  plotted  against 

time.  The  resulting  pseudo- first  order  rate  constant  was  divided  by 

(CaEDTA).  to  obtain  the  second  order  rate  constant  k  ,  i.e.- 

init  obs 

-d(Cu)/dt  -  (CaEDTA)  (r.u) 

For  the  MgEDTA  experiments  and  some  of  the  CaEDTA  experiments,  the 

second  order  rate  constants  were  obtained  directly  from 

1  In  b(a-x)  -  kt  for  a  -  (MgEDTA),  ,  b  -  (Cu) .  , 

_  _  init  init 

(a-b)  a(b-x)  x  -  change  in  Cu  concentration 

It  should  be  noted  that  the  rates  of  some  of  the  MgEDTA  experiments  were 

at  the  upper  limit  of  determination  by  this  method,  the  reaction  having 

proceeded  to  more  than  50%  completion  by  the  first  measurement.  The  rate 

constants  determined  from  these  experiments  should  be  considered  minimum 

estimates . 

For  all  but  three  of  the  experiments,  the  change  in  inorganic  copper 
concentration  was  followed  to  at  least  50%  reaction.  Some  deviation  from 
first  order  behavior  in  Cu  concentration  was  observed  at  longer  reaction 
times  possibly  due  to  the  heterogeneous  nature  of  the  measurement  system. 

Results 

The  rate  of  reaction  of  the  (pre- formed)  CaEDTA  complex  with  copper 
depends  on  the  background  concentration  of  calcium  in  the  solution.  For 

example,  Figure  2  illustrates  that  the  rate  of  reaction  is  significantly 

-5  -2 

faster  with  10  M  background  Ca  than  with  10  M  Ca. 

The  rate  of  reaction  is  first  order  in  inorganic  copper  concentration 

and  first  order  in  the  concentration  of  CaEDTA  (Figure  3).  The  rate 
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Figure  2.  Concentrations  of  inorganic  Cu  over  time  after  additions  of 

125  nM  CaEDTA  at  t-0  in  0.5  M  NaCl,  0.002  M  NaHCO^  and  (O)  10 

-2 

M  Ca.j,  or  (  □ )  10  M  Ca.^,.  Initial  concentration  of  inorganic 
Cu  37.5  nM  (A  )  . 
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500  1000  1500  2000  2500 

time  (sec) 
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Figure  3.  Logarithmic  transform  of  inorganic  Cu  concentration  vs.  time 
after  addition  of  (V)  1250  nM  CaEDTA  or  (A)  lz5  nM  CaEDTA. 
Electrolyte:  0.5  M  NaCl ,  0.01  M  CaCl^,  0.002  M  NaHCO^ . 
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constants  are  independent  of  initial  metal  or  ligand  concentrations  (Table 
II).  The  two  experiments  run  in  Sargasso  seawater  indicate  that  the 
presence  of  Mg  (at  seawater  concentrations)  does  not  affect  the  observed 
rate  of  reaction  of  CaEDTA  with  Cu.  This  is  to  be  expected  since  MgEDTA 
is  not  the  dominant  equilibrium  EDTA  species  under  seawater  conditions. 

The  effect  of  the  calcium  concentration  on  the  rate  of  Cu 

complexation  is  not  «_onstant  over  the  experimental  range  in  calcium 

concentrations .  The  observed  rate  is  inversely  proportional  to  Ca 

2+  -3  5 

concentration  up  to  (Ca  )  ~  10  ‘  M.  Above  this  value,  the  rate  is 

observed  to  be  independent  of  the  Ca  concentration  (Figure  4) .  The 
observed  rate  coefficient  can  be  expressed  as  the  combination  of 

Ca- independent  and  Ca- dependent  terms,  thus 

-diCu)  -  (CaEDTA)  (Cu)  -  0.55  sec'^  +  970  M' ^sec‘ (CaEDTA)  (Cu) 

dt 

Values  for  the  Ca-dependent  rate  constant  (0.55  ^  0.07  sec  ^)  and  the 
Ca- independent  rate  constant  (970  ^  50  M  ^  sec  ^)  were  obtained  by 
plotting  vs.  l/(Ca),j.  (Figure  5). 

The  Ca-dependent  terra  is  a  conditional  constant,  valid  for  a  fixed 
pH.  A  dependence  of  this  constant  on  pH  (due  to  the  contribution  of 
protonated  ligand  intermediates  to  the  overall  reaction)  is  predicted  from 
theory.  Although  the  behavior  of  this  term  over  a  large  pH  range  was  not 
determined,  some  pH  dependence  was  observed.  Thus 

Ca-dependent  rate  constant  —  0.12  sec  ^  +  5.0  x  lO^M  ^sec  ^  (H  ) 


(Ca) 
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Table  II.  CaEDTA  experiments.  Reaction  conditions  and  values  of 


log  [second-order  rate  constant  (M  sec  )]  for  -d(Cu)/dt  - 


^obs 

(CaEDTA) 

(Cu). 

log  Ca.j. 

pH 

<^")inlt 

(CaEDTA) init 

'‘obs 

(nM) 

(nM) 

* 

-2.0 

8.3 

37.5 

1250 

3.02 

-2.0 

8.2 

25.0 

750 

2.98 

-2.0* 

8.3 

37.5 

125 

3.05 

-2.0 

8.3 

25.0 

113 

3.06 

-2.5 

8.2 

37.5 

750 

3.04 

-3.0 

8.3 

25.0 

113 

3.22 

-3.0 

8.2 

25.0 

750 

3.11 

-3.43 

8.2 

37.5 

750 

3.46 

-3.8 

8.2 

37.5 

375 

3.71 

-3.95 

8.3 

37.5 

750 

3.77 

-4.5 

8.2 

37.5 

150 

4.25 

-4.9 

7.9 

25.0 

150 

4.73 

-5,0 

8.5 

25.0 

113 

4.44 

-5.0 

7.9 

37.5 

128 

4.88 

-5.0 

8.2 

37.5 

75 

4.74 

(*  in  UV-  oxidized  Sargasso  seawater) 
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Figure  4 


Log  of  second-order  rate  constant  (M  ^sec  [for  -d(Cu)/dt  - 
k(EDTA^) (Cu) ]  vs.  log  alkaline  earth  metal  concentration  for 
(A)  A— Mg,  (□)  A-Mg  point  omitted  in  data-fitting,  and  (O) 

A— Ca.  ( - )  Fit  for  empirical  constants  as  given  in  text,  ( — 

contribution  of  indirect  pathway  and  (....)  contribution  of 
direct  pathway  to  overall  rate  constant. 
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35 


Figure  5.  Linear  plot  of  second-order  observed  rate  constant  (M  sec  ) 

[for  -d(Cu)/dt  “  k(CaEDTA)(Cu)  vs.  1/Ca.j,.  ( - )  Fit  for 

empirical  rate  constants  in  text  derived  from  weighted  linear 
regression.  [Inset  shows  data  for  high  Ca  concentrations  on 
expanded  scale . ] 
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A  plot  of  the  Ca- dependent  rate  constant  (i.e.-  (Ca)k  ,  at  low  (Ca)  vs. 

obs 

+  +  + 
(H  )  (shown  in  Figure  6)  gave  values  for  the  (H  )- independent  term  (0.12  - 

0.04  sec  and  the  (H^) -dependent  term  (5.0  ^  0.9  x  10^  M  ^  sec  ^) . 

The  overall  rate  of  reaction  of  CaEDTA  with  inorganic  copper  may  be 

described  as 

7  +  2  1 

-d(Cu)  -  [0.12  +  5.0  X  10  (H  )]  +  9 . 7  x  10  (CaEDTA) (Cu) 

dt  (Ca) 

The  various  empirical  rate  constants  can  be  related  to  fundamental  kinetic 

and  thermodynamic  parameters  (see  Theory-  eqn.  5  and  Table  III) . 

Similar  behavior  is  observed  for  the  reaction  of  MgEDTA  with  Cu  in 

the  presence  of  excess  Mg.  The  rate  of  reaction  of  MgEDTA  is  faster  than 

that  of  CaEDTA  at  corresponding  concentrations  of  excess  alkaline  earth 

metals  (Table  IV,  Figure  4).  Due  to  the  analytical  uncertainties  involved 

in  determining  the  fast  reaction  rates  observed  at  low  Mg,  the 

Mg-dependent  rate  can  only  be  approximated  as  36  ^  10  sec  The 

Mg- independent  rate  constant  is  9.2  ^  0.8  x  10^  M  ^  sec 

In  an  analogous  experiment  with  the  synthetic  chelator 

nitrilotriacetic  acid  (NTA) ,  the  formation  of  CuNTA  in  seawater  was 

virtually  instantaneous  (95%  of  the  calculated  equilibrium  value  within  2 

min) .  A  Cu  titration  of  NTA  in  seawater  showed  good  agreement  with  the 

calculated  equilibrium  values.  Kinetic  effects  were  not  observable  on  the 

time  scale  (i.e.-  minutes)  of  this  experiment  (52). 

The  rate  of  reaction  of  Suwannee  River  humic  acid  with  Cu  was  also 

-2 

observed  to  be  fast  and  unaffected  by  the  presence  of  10  M  Ca.  Reaction 

of  humic  acid  with  copper  resulted  in  the  same  decrease  in  inorganic  Cu 

-2 

concentration  at  0  and  10  M  Ca.^,  (Figure  7).  Cu  titrations  of  humic 
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Figure  6.  Linear  plot  of  the  Ca-dependent  rate  constant  (in  sec  as  a 
function  of  (H^)  for  (O )  reaction  of  Cu  with  CaEDTA  and 
( A )  for  reaction  of  Cd  with  CaEDTA  based  on  the  results  of 
Kuerapel  and  Schaap.  [N.B.-  Data  analysis  by  Kuempel  and  Schaap 

3- 

assumed  reaction  of  HEDTA  only,  the  data  was  re- interpreted  to 

4- 

include  explicitly  the  reaction  of  EDTA  . ] 
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Table  III.  (a)  Rate  constants  for  the  reaction  of  Cu  with  CaEDTA 


empirical  rate 

constants 

calculated  fundamental 

description 

value 

rate  constants 

dependent 

0.12  sec'^ 

kj:  -  0.12  -  2.3  X  10^  M'^sec'^ 

Cu  CaL 

independent 

dependent 

5.0  X  10^  M'^sec"^ 

UT  7  7 

^Cu  -  5-°  "  ‘^CaL/^SiL'  5.7  X  10^ 

dependent 

M  sec 

independent 

970  M'^sec'^ 

_  g  M'^sec'^ 

Cu 

[log  K^^j^-10.28.  log  10.22,  p-  0.5,  T-25°C  (ref  43)] 


(b)  Rate  constants  for  the  reaction  of  Cd  with  CaEDTA  from 
re- interpreted  results  of  Kuempel  and  Schaap. 


empirical  rate 
description 

constants 

value 

calculated  fundamental 

rate  constants 

Ca- dependent 

0.50  sec  ^ 

-  2.4  X  10^  M'^sec 
Od 

independent 

Ca- dependent 

2.19  X  10®  M'^sec'^ 

k„,  -  1.7  X  10  M  sec 
Cd 

dependent 


[log  -9.68,  log  9.8,  ^  -1.0,  T-25°C  (ref.  44)] 
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TABLE  IV.  MgEDTA  experiments.  Reaction  conditions  and  log  [second-order 
rate  constant  (M  ^sec  ^)]  for  -d(Cu)/dt  =  ^obs  (Cu) . 


og  Mg.^ 

pH 

(Cu).  . 

init 

(MgEDTA) init 

^obs 

(nM) 

(nM) 

(M  sec 

-1.3 

8.2 

37.5 

62.5 

4.00 

-1.3 

8.0 

11 

tt 

4.22# 

-1.6 

8.3 

It 

tt 

4.03 

-1.9 

8.3 

It 

ft 

4.06 

00 

CVJ 

1 

8.2 

tt 

tt 

4.52 

-2.96 

8.3 

It 

It 

4.53* 

-3.51 

8.2 

It 

It 

5.10* 

-3.8 

8.2 

(t 

It 

5.24* 

-3.85 

8.2 

M 

tt 

5.12* 

(*  Probably  minimum  estimate  of  rate) 

(#  omitted  in  determination  of  empirical  rate  constants) 
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Figure  7.  Concentrations  of  inorganic  Cu  in  0.5  M  NaCl,  0.002  M  NaHCO^ 
over  time  after  addition  of  Suwannee  Stream  humic  acid  (final 
concentration  0.3  mg/L)  for  background  calcium  concentrations 
of  (O)  0  or  (□)  0.01  M  Ca.j,  (for  (□)  htunic  acid  was 
pre-equilibrated  with  0.001  M  Ca.j,)  . 
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acid  also  showed  no  competition  between  Cu  and  Ca  for  humic  acid 
metal -binding  sites  (52). 

Discussion 

Reaction  aechanlsais  and  rate  expressions.  Our  experiments  as  well  as 
previous  work  suggest  that  both  indirect  and  direct  pathways  are  important 
in  metal -exchange  reactions  between  alkaline  earth  complexes  of  EDTA  and 
transition  metals.  In  experiments  with  CaEDTA  and  Cu,  the  observed 
dependence  of  the  rate  on  Ca  concentration  suggests  that  both  mechanisms 
contribute  to  the  overall  reaction.  At  low  Ca  concentrations,  the  rate  is 
inversely  proportional  to  Ca,^,  consistent  with  the  indirect  mechanism;  at 
high  Ca,  the  rate  is  Ca  independent  as  predicted  by  the  direct  mechanism 
(Figure  4).  Thus  for  the  reactions  of  CaEDTA  with  Cu,  the  Ca 
concentration  is  the  parameter  that  determines  which  mechanism  will 
predominate  at  a  given  pH.  The  observed  pH  dependence  of  the  indirect 
rate  constant  is  consistent  with  reaction  of  the  protonated  ligand 
intermediate . 

The  validity  of  the  proposed  mechanisms  and  derived  rate  expression 

is  supported  by  the  comparison  of  the  reactions  of  Ca-  and  MgEDTA 

complexes.  According  to  the  rate  expression,  the  indirect  rate  constant 

(i.e.-  the  Ca-  or  Mg-dependent  term)  is  determined  by  the  affinity  of  the 

ligand  for  the  alkaline  earth  metal  and  for  protons  and  by  the  intrinsic 

forward  rate  constant  for  the  formation  of  CuL  (or  CuLH) .  If  the 

reactions  of  CaEDTA  and  MgEDTA  with  Cu  are  compared,  the  terms  involving 

L  HL 

the  Incoming  metal  (k^^^  and  k^^)  are  eliminated  and  the  ratio  of  the 
indirect  rate  constants  should  be  related  to  be  the  ratio  of  the  stability 
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constants.  [N.B.-  Stability  constants  are  taken  from  Kartell  and  Smith 

(53)  for  ionic  strength  of  0.1  M.  Ionic  strength  correction  terms  do  not 

appear  since  the  same  corrections  apply  to  both  Ca  and  Mg  constants.] 

>10.61 


Mg -dependent  k  t  _ 


60 


Ca- dependent  k 


^gL 


10 


8.83 


Despite  the  uncertainty  in  the  value  of  the  Mg-dependent  rate  constant, 
the  observed  ratio  (66  ^  26)  is  comparable  to  the  predicted  value. 

The  prediction  of  the  ratio  of  Mg-  and  Ca- independent  rate  constants 
from  theory  involves  considerably  more  assumptions.  If  the  direct  pathway 
is  controlled  by  the  rate  of  formation  of  the  dinuclear  intermediate  ALCu, 
the  ratio  of  alkaline  earth  indepedent  rate  constants  for  the  reaction  of 
Cu  with  MgEDTA  and  CaEDTA  is 

Mg- independent  k  k^®  ^ 

“  Os 


Ca- independent  k 


Ca--L 


Cu  Mg 

The  stability  constant  for  the  alkaline  earth  metal  complex  relative  to 
the  partially- dissociated  complex,  K  ,  may  be  estimated  by  using  MIDA 
(methyliminodiacetic  acid)  as  a  model  for  the  EDTA  fragment  (41).  Then 

(8) 

If  rates  of  reaction  of  a  single  metal,  Cu,  with  the  partially-dissociated 

complexes  Mg - L  and  Ca - L  are  taken  to  be  equal,  the  relative 

interchange  rates  of  reaction  of  Cu  with  MgEDTA  vs.  CaEDTA  is  predicted  to 
be 


# 

K  —  K  /  K 

A-EDTA^  A -MIDA' 


Mg- independent  k 


^gM 


IDA 


CaEDTA 


lo3.48iol0.61 


32 


o  Q'i  o  nq 

Ca.  independent  k  10  '  10  ' 

The  observed  ratio  (10  ^  1)  is  somewhat  less  than  the  predicted  value. 
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This  difference  may  be  due  to  an  inaccurate  estimation  of  the  stability 
constant  for  the  intermediate. 

The  assumption  that  th.e  direct  pathway  is  controlled  by  the  rate  of 

formation  of  the  dinuclear  complex  is  also  supported  by  the  similarity  in 

the  rates  of  reaction  of  CaEDTA  with  different  transition  metals  (Cu,  Cd, 

Zn,  and  Pb)  (Table  V).  For  such  reactions,  the  interchange  rate  constant 

reflects  the  kinetic  reactivity  of  the  metals  toward  the 

partially-dissociated  complex.  The  rate  of  formation  of  the  dinuclear 

complex  is  related  to  the  lability  of  solvent  (i.e.-  H2O)  molecules  in  the 

inner  coordination  sphere  the  incoming  metal  (54-56).  The  rate 

constants  for  reaction  by  direct  attack  of  CaEDTA  with  Cu,  Cd,  Zn,  and  Pb 

are  roughly  proportional  to  the  water- loss  rate  constants  for  the 

differeri'  metals  consistent  with  the  rate-limiting  formation  of  the 

dinuclear  intermediate.  If  the  stability  of  the  dinuclear  intermediate 

controlled  the  rate  of  the  direct  reaction,  variations  in  rate  constants 

4 

by  factors  of  up  to  10  would  be  predicted  based  on  the  affinities  of  the 

metals  for  MIDA  (as  a  model  of  the  intermediate)  (Table  Y)  (41). 

Comparison  with  literature  values.  The  observed  pH -dependence  of  the 

indirect  rate  constant  leads  to  an  estimate  of  the  formation  rate 

constants  for  reactions  of  Cu  with  EDTA^  and  HEDTA^  :  k!^  and  k!!^. 

Cu  Cu 

These  constants  are  similar  to  those  that  fit  the  data  of  Kuempel  and 

Schaap  for  the  reaction  of  CaEDTA  with  Cd  (Figure  6,  Table  III).  The 

L  HL 

formation  rate  constants  k^^  and  k^^  may  be  estimated  by  assuming  that,  in 
accordance  with  the  "Eigen  mechanism",  the  rate -determining  step  is  loss 
of  water  from  the  inner- coordination  sphere  of  the  metal  ion  after  an 
outer  sphere  coranlex  between  the  metal  and  ligand  has  been  formed  (54-56) . 
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TABLE  V.  Rate  constants  for  metal  exchange  by  direct  pathway  with  CaEDTA 


metal 

rate  constant  ref. 

*Sl-MIDA 

(M  sec  ) 

(from  ref.  42) 

(from  ref.  53) 

Zn 

300 

45 

3x10^ 

7.2x10^ 

4.6x10^ 

Cd 

230 

44 

1.6x10® 

5.9x10® 

* 

45 

8 

2.5x10 

Cu 

970 

this  work 

2x10® 

1.2x10^^ 

5x10® 

>10® 

-5x10^ 

Pb 

3000* 

45 

2.5x10^ 

7.5x10^ 

1.0x10® 

(*  These 

rate  constants 

include  both 

direct  and  indirect 

reaction) 
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Thus  should  depend  chiefly  on  the  nature  of  the  metal  ion.  The 

similarity  in  values  of  for  Cu  and  Cd  is  consistent  with  the  reported 

water- loss  constants  (see  Table  V)  though  a  range  of  values  for  ^2*^ 

has  been  reported.  Variations  might  arise  from  inorganic  complexation  of 

the  metal,  varying  ionic  strength,  or  reactions  with  ligands  of  different 

charge  (54-56).  As  can  be  seen  in  Table  VI,  there  is  reasonable  agreement 

in  reported  values  of  although  there  is  wide  variation  in  reported 

hl, 

values  for  the  rate  constants  . 

Prediction  of  nietal  exchange  rates.  For  the  model  ligand  EDTA,  the 
rate  of  reaction  of  the  calcium  complex  with  copper  may  be  predicted  from 
the  rate  expression 

-  [  [  *‘cu  *  ‘'cf  ]  (CaEDIAXCu) 

[  [  '"cat  J  "=•> 

as  a  function  of  the  solution  parameters  Ca.^,  and  pH  (for  a  given  and 
constant  concentration  of  CaEDTA) .  As  shown  in  Figure  8  (for  (CaEDTA)  - 
10  ^  M) ,  both  high  pH  and  high  Ca  concentrations  increase  the  (pseudo 
first-order)  half-life  of  uncomplexed  copper.  The  relative  contributions 
of  the  direct  and  indirect  pathways  to  the  overall  rate  are  also 
determined  by  pH  and  Ca,j,.  The  indirect  pathway  is  favored  at  low  pH  and 
low  Ca.^  (e.g.-  in  freshwater),  the  direct  pathway  at  high  pH  and  high  Ca.^, 
(e.g.-  in  seawater).  Also  shown  on  Figure  8  are  the  values  of  pH  and  Ca.^, 
for  which  the  contribution  of  both  pathways  to  the  overall  rate  are  equal. 

The  rate  of  metal  exchange  reaction  with  alkaline  earth  complexes  of 
other  ligands  can  be  predicted  based  on  the  stability  constants  of  the 
calcium  and  protonated  ligand  complexes  and  the  abovementioned 
considerations.  This,  of  course,  assumes  that  the  mechanisms  governing 
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TABLE  VI. 


Formation  rate  constants 


metal 

ligand 

(M  sec 

kJJ^  (M'^sec'^) 

ref 

Cu 

edta'^’ 

2.3x10^ 

b.7xl0^ 

this  work 

*  S  9 

6x10  to  2x10 

57  and  ref  cit 

*  8 

1.3x10 

42 

8.4x10^ 

58 

Cd 

EDTA^‘ 

^2.4xlC^ 

-  -  ,8 

1 . /xiO 

*  8  9 

2.6x10  to  3.7x10 

44  and  ref  cit 

Ca 

edta*^  ■ 

9 

6x10"^ 

3.5x10^ 

59 

2.4x10^° 

1.7x10^ 

43 

2.3x10^ 

60 

Cu 

2- 

IDA 

3.0x10^ 

1 . 2x10^ 

61 

MIDA^' 

7.4x10^ 

1 . 1x10^ 

61 

A  * 

(*  assumes  no  reaction  of  EDTA  ) 

^  * 

(#  re- interpreted  to  include  reaction  of  EDTA  ) 
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Figure  8.  Log  [(pseudo  first-order  Cu  half-life  (sec)]  with  respect  to 
reaction  with  10  ^  M  CaEDTA  as  a  function  of  pH  and  log  Ca^. 

Also  shown  is  the  line  defining  the  values  of  pH  and  log  Ca^  for 
which  the  indirect  and  direct  mechanisms  contribute  equally  to 
the  reaction  of  Cu  with  CaEDTA. 
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the  metal  exchange  reactions  of  EDTA  are  also  appropriate  for  other 
ligands . 

It  must  be  remembered  that  these  predictions  hold  only  if  the 
alkaline  earth  metal  complex  of  the  ligand  is  thermodynamically  favored 
over  protonated  forms  of  the  ligand.  In  the  limiting  case  where  the 
ligand  occurs  as  L  or  HL,  metal  complexation  reactions  are  predicted  to  be 
extremely  fast  even  at  environmental  metal  and  ligand  concentrations. 

The  (pseudo  first-order)  half-life  of  inorganic  Cu  with  respect  to 
metal  exchange  reactions  with  Ca  complexes  of  well-defined  ligands  (see 
Table  VII)  are  predicted  below  for  conditions  favoring  (i)  indirect  (low 
Ca.^)  and  (ii)  direct  (high  Ca.^,  and  high  pH)  pathways  for  ligand 
concentrations  of  10  ^  M.  [N.B.-  For  lower  ligand  concentrations, 
proportionately  longer  half-lives  would  be  predicted.] 

(i)  Indirect  reaction  (freshwater  system):  Rate  constants  may  be 


predicted  from  the  stability  constants  and  and  the  formation 

I  -  ^  ’  HL  ^  c  %  h  »  «  1  ^  ^  ^  /  fT.  1 

'  wi*ij  dtiO.  Vcil.'«4C-  Av—  Lo  wc*.  3  X  lU  M  S6C  vXa.Di.S 

Cu  Cu  Cu 

VI).  However  the  effect  of  ligand  protonation  is  significantly  greater 


than  simple  electrostatics  would  predict  and  varies  widely  depending 

HLi 

on  ligand  structure  (41,  o2)  .  Due  to  the  ir.  ectimating  k  ,  it 

Cu 

is  only  possible  to  predict  limits  for  the  indirect  rate  constant.  A 


lower  limit  for  the  indirect  rate  constant  may  be  predicted  by  assuming 
L  HL 

k^^  «  k^^  (i.e.-  no  contribution  of  the  protonated  ligand  to  the  rate) 

L  HL 

Calculation  of  an  upper  limit  for  this  constant  assumes  k„  -  k^  (see 

Cu  Cu 


eqn .  6) . 


Figure  9a  shows  the  predicted  pseiido  first-order  half-lives  for  Cu 
(for  (CaL)  -  10  ^  M  and  0.37  mM)  at  pH  -  6.5  and  8.2  for  a  series  of 
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Table  VII.  Ligands  used  in  Figures  9  and  10 


1  NTA 

2  tr imethylenedintr ilotetraacetic  acid  (TMDTA) 

3  N- ( 2 -hydroxye thy 1 )  ethylenedinitrilo ,N,N' ,N'  triaccti 
(HEDTA) 

4  meso- ( 1 , 2di.nethylethylene)  dinicrilotetraacetic  acid 

5  EDTA 

6  DL- (methylethylene)dinitrilotetraacetic  acid  (PDTA) 

7  DL- ( 1 , 2dimechylethylene)uinitriloteraacetic  acid 

8  trans - 1 , 2 - cyclohexylenedinrilotetraaceticacid  (CDTA) 


ac  id 
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Figure  9.  Predicted  values  for  log  (Cu  half-life  (sec)]  fo*"  reaction  of  Cu 
with  calcium-bound  ligands  (at  10  ^  K  L^)  as  a  function  of  the 
calcium  stability  constants  of  the  ligands.  Values  for  ^  from 
ref.  53  for  /i-  0.1,  T-20°  C  for  compounds  1-8  [see  Table  Vll  ]  . 

(a)  freshwater  system:  indirect  reaction  for  Ca,^-  0.37  mM ,  pH  = 

6.5  (□)  or  8.2  (A).  Half-lives  are  predicted  from  rate 

constants  for  the  indirect  pathway 
T  H  L  + 

"  ^Cu  •'caL^^T  ^/2-  2/  kL,^ 

for  ( O  )  -=  3  X  10^  M'^-sec'’  ,  k|^^  ~  0  and  (  □  ,  A )  k^T  -  k^^  = 

Cu  Cu  Cu  Cu 

9-1  - 1 

3  X  10  M  sec  .  Cu  half-life  for  reaction  of  CaEDTA  based  on 
empirical  rate  constants  (■)  pH-6.5,  (A)  pH-8.2. 

(b)  Seawater  system:  direct  reaction.  Half-lives  predicted 
from  rate  constants  for  the  direct  pathway 


k  -  K.Trs./  , 

Cu  CaMIDA'  CaL 


-  In  2/  k  1^ 


K  wyna”  10^ '2^  rate  constant  k^^  ^  is  taken  to  be  equal 

L/aLr^i.U/\  OVl 

L  9-1  - 1 

to  -  3  X  10  M  sec  .  This  may  be  an  overestimate  of  the 
actual  rate  constant  thus  underestimating  the  half-life. 

(^)  Cu  half-life  for  reaction  with  CaEDTA  based  on  empirical 
rate  constants . 
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well-defined  ligands  as  a  function  of  the  stability  constant  for  the 
calcium  complexes.  A  large  uncertainty  in  the  predicted  half-lives  arises 
from  uncertainty  i’^  the  contribution  of  the  acid-catalyzed  pathway 
particularly  at  low  pH.  The  Cu  half-life  for  reaction  with  EDTA  based  on 
empirical  results  suggests  that  the  acid-catalyzed  pathway  predominates  at 
pH  6.5  resulting  in  fast  metal -exchange  reactions.  At  pH  8.2,  acid 
catalysis  is  significantly  less  important  for  EDTA  and  the  Cu  half-life 
predicted  ignoring  acid-catalysis  is  within  an  order  of  magnitude  of  the 
observed  value. 

(ii)  Direct  reaction  (seawater  system);  Results  of  EDTA  experiments 
suggest  that  the  rate  for  metal  exchange  bv  direct  attack  is  controlled  by 
the  relative  stabilities  of  the  alkaline  earth  metal  complex  and  the 
partially-dissociated  complex.  For  EDTA,  the  ligand  MIDA  can  be  used  as  a 
model  for  the  EDTA  ligand  fragment.  This  model  for  the  ligand  fragment 
may  be  applied  to  a  series  of  ligands  with  the  same  chelating 
functionalities  as  EDTA.  Figure  9b  shows  predicted  half-lives  for 
uncomplexed  copper  with  respect  to  metal  exchange  by  the  direct  pathway 
(see  eqns .  7  and  8). 

It  must  be  emphasized  that  the  predicted  rate  constants  (and 
half-lives)  for  the  direct  pathway  are  dependent  on  the  model  for  the 
ligand  fragment.  The  calcium  stability  constant  for  the  ligand  fragment 
determines  the  steady-state  concentration  of  the  partially-dissociated 
complex,  which  is  accessible  to  attack  by  the  incoming  metal.  Thus  for  a 
given  K  ,  the  predicted  direct  rate  constant  will  be  directly 
proportional  to  the  calcium  stability  constant  for  the  chosen  model  of  the 
ligand  fragment.  Although  MIDA  is  a  reasonable  model  for  the  EDTA  ligand 
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fragirent,  it  may  not  be  so  for  natural  ligands. 

For  the  reaction  with  alkaline  earth  complexes  of  NTA,  the  predicted 
half-life  by  either  the  indirect  or  direct  pathway  is  only  a  few  seconds. 
This  is  consistent  with  our  observations  of  extremely  fast  reaction  of  NTA 
and  Cu  in  seawater. 

Application  to  natural  Uganda.  There  is  little  doubt  that  in  most 

natural  waters  soluble  copper  is  bound  to  organic  ligands  with  strong 

effective  affinities  for  the  metal.  As  demonstrated  in  the  EDTA  study, 

the  rates  of  Cu  complexation  may  be  quite  slow  in  the  presence  of  Ca  or  Mg 

if  the  ligand  speciation  is  controlled  by  Ca  or  Mg  and  the  alkaline  earth 

metal  directly  competes  with  the  incoming  metal  for  ligand  binding  sites 

Thus  if  some  or  all  of  the  observed  Cu  complexation  in  natural  waters  can 

be  ascribed  to  discrete  ligands,  absolute  and  relative  rates  of  copper 

complexation  should  depend  primarily  on  their  affinities  for  alkaline 

earths,  particularly  calcium.  Relatively  few  determinations  of  calcium 

complexation  by  natural  ligands  have  been  made  however  and  usually  not  ; n 

a  concentration  range  which  allows  quantitation  of  the  effect  on  ligand 

speciation.  Reported  values  for  effective  stability  constants  for 

2  4 

isolated  humic  and  fulvic  materials  are  of  the  range  -10  -10  (pH  range 
2-8)  (38,  63-65).  Recent  work  in  our  laboratory  indicates  a  somewhat 
higher  affinity  Ca  binding  by  humic  acids  (52).  Based  on  these  results, 
it  is  unlikely  that  Ca  complexation  is  important  to  natural  ligand 
speciation  in  freshwaters  (at  low  pH  and  Ca,^,)  .  Conversely  in  seawater 
(high  pH  and  Ca.^,)  ,  Ca  complexation  is  predicted  to  control  ligand 
speciation.  It  is  not  possible  to  translate  these  results  directly  into 
reaction  half-lives  (as  in  Figure  9,  for  example)  because  we  do  not  know 
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the  actual  Ca  constants,  only  effective  values,  valid  at  a  given  pH. 
Predicted  half-lives  as  a  function  of  effective  constants  of  known  ligands 
are  shown  in  Figure  10  for  indirect  (10a:  pH  -  6.5;  Ca.^,  -  0.37  mM)  and 
direct  (10b:  pH  =  8.2)  exchange. 

Based  on  the  available  data  on  calcium  binding  by  humic  and  fulvic 
materials,  the  half-life  for  copper  with  respect  to  metal  exchange  in 
freshwaters  should  be  fast  (i.e.-  on  the  order  of  minutes).  Extrapolation 
of  experiments  with  EDTA  to  low  pH  Indicate  that  even  ligands  with  high 
affinity  for  calcium  react  quickly  under  these  conditions. 

Under  seawater  conditions  the  direct  pathway  for  metal  exchange 
should  predominate.  Since  the  half-lives  predicted  for  reaction  via  this 
pathway  are  dependent  on  the  value  chosen  for  the  stability  constant  for 
the  partially-dissociated  calcium  complex,  a  better  understanding  of  the 
natural  ligand  structure  is  necessary  to  predict  metal  half-lives 
accurately.  For  example,  catechol,  which  has  been  proposed  as  a  model  for 
the  chelating  functionality  of  humic  materials,  has  a  greater  affinity  for 
alkaline  earth  metals  than  does  MIDA  catechol  is  10^’^).  A 

faster  rate  of  exchange  via  the  direct  pathway  would  be  predicted  using 
catechol  rather  than  MIDA  to  model  the  ligand  fragment. 

Analytical  considerations.  The  complexation  of  copper  that  is 
measured  through  Cu  titration  is  necessarily  rapid  compared  to  the 
measurement  techniques  -  typically  minutes  to  hours.  The  remaining 
question  is  whether  such  complexation  measurements  may  be  missing  some  of 
the  strong  binding  ligand  fraction  that  reacts  slowly.  Our  model  studies 
with  EDTA  suggest  that  ligands  with  high  affinity  for  both  Cu  and  Ca  may 
be  underestimated  in  determinations  of  trace  metal  complexation  in  natural 
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Figure  10.  Predicted  values  of  log  [Cu  half-life  (sec)]  as  a  function  of 
effective  Ca  stability  constants  ”  ^CaL'^  ^ 

(a)  freshwater  system:  indirect  pathway  exchange  conditions  as 
in  Figure  9a  for  pH-6.5  (O)  maximum  half-lives  computed 
assuming  no  acid-catalysis,  (□)  minimum  half-lives  including 
acid-catalysis,  (■)  empirically-derived  half-life  for  reaction 
with  CaEDTA  and 

(b)  seawater  system:  direct  pathway  reaction  conditions  as  in 
Figure  9b  for  pH-8.2,  (^)  empirically  derived  half-life  for 
reaction  with  CaEDTA. 
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waters  which  involve  metal  additions.  This  effect  may  be  particularly 
dramatic  if  the  added  copper  reacts  initially  with  weaker  faster-reacting 
ligands  and  further  reaction  with  the  stronger  ligands  involves  both  metal 

and  ligand  exchange  (CaL^  +  CUL2  - ►  CuL^  +  CaL2)  (66) .  Such  strong 

ligands  would  be  inefficient  at  buffering  metal  additions  on  short 
(min-hr)  time  scales  although  they  might  strongly  influence  long  term 
equilibrium  concentrations  of  free  metal  ions. 

The  above  argument  is  predicated  on  the  hypothesis  that  calcium  and 
copper  actually  compete  for  the  same  binding  sites  as  would  be  the  case 
for  a  well-defined  discrete  ligand.  However  it  is  not  clear  that  this 
condition  applies  to  humic  and  fulvic  compounds  which  account  for  part  if 
not  all  of  the  organic  complexation  of  transition  metals  in  natural 
waters.  The  few  reported  studies  of  the  effects  of  calcium  on  copper 
binding  by  humic  substances  (67,  68)  show  little  competition  effects  and 
we  have  observed  essentially  none  (52).  This  is  consistent  with  our 
result  showing  no  measurable  kinetic  effect  of  calcium  on  copper 
complexation  by  isolated  humates  (Figure  7) .  If  indeed  calcium  and  copper 
do  not  compete  for  binding  sites  in  humic  molecules,  then  our  model  with 
EDTA  is  not  applicable  to  humics  and  the  kinetics  of  copper  complexation 
by  humics  should  be  fast  even  in  high  calcium  media. 

Influence  of  the  Inconlng  aetal  on  rates  of  metal  exchange.  For  both 
direct  and  indirect  mechanisms  the  rate  of  metal  exchange  reactions  is 
directly  dependent  on  the  kinetic  reactivity  of  the  incoming  metal .  This 
metal  reactivity  is  related  to  the  lability  of  solvent  molecules  in  the 
inner-coordination  sphere  of  the  metal  (i.e.-  the  water-loss  constants). 
Relative  rates  of  metal -exchange  reactions  for  the  reaction  of  different 
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transition  metals  with  a  given  alkaline  earth  metal  complex  would  be 


expected  to  parallel  the  water- loss  constants  of  the  metals  such  that 
Cr^'^«  Fe^'^  <  Ni^"^  <  Co^"^  -  Fe^"^  <  Zn^'*'  <  Mn^"^  <  Cd^"^  <  Cu^"^  < 

(42,  54-56).  Thus  for  some  metals,  particularly  Cr^^,  Fe^^,  and  Ni^^, 


reactions  with  calcium-bound  ligands  should  proceed  significantly  slower 
than  reactions  of  the  same  ligands  with  Cu  (Figure  11) . 


Conclusion 

Experiments  with  EDTA  suggest  that  for  discrete,  multidentate  ligands 
with  high  affinity  for  alkaline  earth  metals,  the  rate  of  complexation 
reactions  may  be  strongly  decreased  by  binding  with  Ca  and  Mg  in  hard 
waters.  This  effect  of  alkaline  earth  metals  is  due  to  the  competition 
between  alkaline  earth  and  transition  metals  for  reaction  with  free  ligand 
formed  by  dissociation  of  the  initial  alkaline  earth  metal  complex  and  to 
the  very  slow  direct  attack  of  transition  metals  on  ligands  complexed  with 
alkaline  earth  metals  as  compared  with  the  reaction  with  free  or 
protonated  ligand  species.  Thus,  the  concentrations  of  such  ligands  in 
seawater  would  be  underestimated  by  analytical  techniques  for  measurement 
of  metal  complexation  that  involve  metal  additions.  The  nature  of  the 
incoming  metal  (i.e.-  the  kinetic  lability  of  bound  solvent)  also 
determines  whether  kinetic  effects  will  be  Important  on  environmental  time 
scales.  The  same  relative  decrease  in  the  rate  of  complexation  reactions 

may  be  important  for  intrinsically  slow- reacting  metals  (Cr^^,  Fe^^,  or 

2+  2+  2+ 

Ni  )  and  not  for  fast-reacting  metals  (Cu  or  Pb  ). 

Determinations  of  trace  metal  complexation  in  natural  waters  by  a 
wide  array  of  analytical  methods  demonstrate  the  occurrence  of  ligands 
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Figure  11.  Scale  of  predicted  half-lives  for  metals  relative  to  Cu 
half-life  for  metal -exchange  reactions. 
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that  react  quickly  with  added  metals  even  at  seawater  concentrations  of 
alkaline  earth  metals.  Consistent  with  such  observations,  the  rate  of 
copper  complexation  by  isolated  humic  acid  was  found  not  to  be  retarded  in 
the  presence  of  seawater  calcium.  This  result  contrasts  with  those 
observed  for  EDTA  and  may  reflect  the  fact  that  Cu  and  Ca  do  not  compete 
for  the  same  binding  sites  in  the  humic  molecules. 
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CHAPTER  FIVE 


THE  KINETICS  OF  TRACE  METAL  COMPLEXATION:  LIGAND  EXCHANGE  REACTIONS 

ABSTRACT 

Ligand  exchange  reactions  of  CuNTA  and  Cu-humate  complexes  with  a 
fluorescent  complexlng  agent  were  examined.  Results  with  the  model 
system  demonstrate  that  the  overall  reaction  occurs  both  via  complete 
dissociation  of  the  initial  CuNTA  complex  (indirect  pathway)  and  by 
direct  attack  of  the  fluorescent  ligand  on  CuNTA  (direct  pathway) .  Both 
of  these  pathways  are  also  involved  in  ligand  exchange  reactions  of 
humate -bound  Cu  at  the  Cu-to-huraate  loading  typical  of  estuarine  and 
coastal  waters.  At  higher  Cu-to-humate  loadings,  the  overall  reaction 
is  dominated  by  the  indirect  pathway.  The  relationship  between  observed 
rate  constants  for  this  mechanism  and  conditional  stability  constants 
for  Cu-huraate  interactions  is  discussed. 

INTRODUCTION 

The  speciation  of  trace  metals  in  natural  waters  is  determined  by 
the  reactivity  of  the  metals  toward  a  complex  (and  varying)  mixture  of 
inorganic  anions,  organic  ligands,  reactive  chemical  species  (e.g.- 
H2O2),  surfaces  and  organisms.  Concentrations  of  (operationally 
defined)  "dissolved"  metals  may  include  fine  colloidal  species,  organic 
and  inorganic  metal  complexes. 

Both  metal  speciation  aud  ’'tological  availabllty  (or  toxicity)  are 
functions  of  the  tendency  of  the  metal  to  react  (as  quantified  by  the 
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free  metal  ion  activity)  under  (pseudo)  equilibrium  conditions.  For 
metals  ocurring  as  organic  complexes,  pseudo-equilibrium  conditions  may 
be  maintained  only  if  the  rates  of  metal  complexation  reactions  are  fast 
compared  with  rates  of  metal  uptake.  However  if  complex  dissociation 
and  ligand  exchange  rates  are  slow  compared  to  biological  uptake,  the 
rate  of  metal  incorporation  into  the  biota  will  be  limited  by  abiotic 
chemical  kinetics. 

The  apparent  rate  of  other  processes  (precipitation,  reduction, 
adsorption)  will  be  similarly  influenced  by  the  rates  of  metal 
complexation  reactions  if  (1)  the  reacting  metal  occurs  predominantly  as 
an  organic  complex  and  (2)  the  process  of  interest  requires  removal  of 
the  metal  from  the  initial  complex. 

In  this  study,  we  have  investigated  rates  of  complex  dissociation 
and  ligand  exchange  for  copper  under  environmentally  relevant  conditions 
of  pH  and  metal  and  ligand  concentrations.  The  objective  of  this  work 
was  to  determine  how  the  nature  and  concentrations  of  the  ligands 
involved  in  exchange  reactions  influence  the  mechanistic  pathways 
through  which  the  reactions  proceed  and  to  use  results  obtained  with 
well-defined  ligands  to  aid  in  interpretation  of  ligand  exchange 
reactions  of  copper-humate  comp.i.exes. 

BACKGROUND 

Classical  kinetic  studies  of  ligand  exchange  reactions  of 
transition  metals  (as  reviewed  by  Margerum  et  al . ,  1978)  have  shown  the 
reactions  to  proceed  by  direct  attack  of  the  incoming  ligand  on  the 
initial  metal  complex  and  (usually)  rate-determining  dissociation  of  the 
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ternary  complex  thus : 


fast 


ML  +  L' 


slow 

LML'  - ►  L  +  ML' 


(1) 


The  observed  rate  constants  are  influenced  by  steric  and  electrostatic 
factors  and  by  protonation  of  the  incoming  ligand.  Some  rate  constants 
for  ligand  exchange  reactions  of  well-defined  ligands  are  given  in  Table 
I.  A  mechanism  involving  the  rate- limiting  formation  of  a  ternary 
complex  and  subsequent  fast  reaction  to  products  has  also  been  proposed 
by  Sweigart  and  DeWit  (1969)  to  explain  their  observation  that  to  some 
extent  the  reaction  was  independent  of  the  concentration  of  the  incoming 
ligand. 

In  contrast,  Shuman  and  co-workers  have  observed  that  ligand 
exchange  reactions  of  Cu-DOC  complexes  proceed  via  dissociation  of  the 
copper  complexes  and  have  measured  dissociation  rates  for  these 
complexes  by  electrochemical  methods  (Shuman  and  Michael,  1978;  Snuman 
et  al.,  1983;  Olson  and  Shuman,  1983).  Other  studies  of  reactions  of 
metal- fulvates  or  of  reactions  of  metals  with  fulvic  acids  have  focused 
on  different  metals-  Fe  (Langford  and  Khan,  1975;  Langford  et  al . ,  1977, 
1981;  Waite  and  Morel,  1984),  Al  (Mak  and  Langford,  1982;  Plankey  et 
al . ,  1986),  and  Ni  (Lavigne  et  al.,  1987). 

In  this  work,  we  compare  the  kinetic  behavior  of  well-defined 

ligands  with  humic  acids  in  ligand  exchange  reactions.  Reactions  with 

well-defined  ligands  are  examined  at  environmentally  realistic  ligand 

and  metal  concentrations.  Previous  studies  (as  in  Table  I)  have  been 

-4  -2 

conducted  at  high  ligand  and  metal  concentrations  (-10  to  10  M) . 

The  extrapolation  to  environmental  concentrations  is  complicated  by 
changes  in  the  importance  of  1:2  metal -ligand  complexes  over  such 
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TABLE  I.  Rate  constants  for  ligand  exchange  reactions  (ML  +  Y- 


L  +  MY) 


(from  Margerum  et  al . ,  1978) 


ML 

Cu(NTA)' 


Ni(NTA) 


Co(NTA) 


Zn(NTA) 


Y 

MNT^' 

2+ 

H2(tetren) 

H^(tet..cn)^^ 

3- 

BT 

H(BT)^‘ 

CAL^' 

H(CAL)^' 

DTPA^' 

H(DTPA)^‘ 

H2(DTPA)^' 

EDTA^* 

H(EDTA)^' 

H2(EDTA)^’ 

H(HEEDTA)^' 

H2(HEEDTA)* 

NTA^' 

H(PAR) 

CAL^' 

H(CAL)^* 

CyDTA^' 

H(CyDTA)^' 

CyDTA^’ 

H(CyDTA)^' 

NTA^’ 

H(NTA)^' 


uML  ,^-1 
kL  (M  sec 

1.6  X  10^ 

2.1  X  10® 

6.1  X  10^ 

3.27  X  10^ 
58 

2.5  X  10^ 
1.67  X  10® 
910 

306 

1.78 

1.5  X  10® 
4.14,  233 
0.443 

1.96 

0.427 

3  X  10'^ 
420 

6.5  X  10® 

2.6  X  10® 
65,  85 
0.34,  0.58 
7.5 

5.4  X  10'^ 
2.0  X  10® 
530 


-1 


) 
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ML 

Y 

ky  (M  s 

Pb(NTA)' 

NTA^' 

6.6  X  10^ 

H(NTA)^' 

3.1  X  10^ 

Cd(NTA) ■ 

NTA^' 

^  2- 

1.8  X  10^ 

H(NTA) 

290 

Cu(CyDTA)^* 

H(trien)^ 

2.5 

H^Ctrien)^^ 

0.04 

En 

0.12 

Dien 

15 

H(dien)'*’ 

3.4 

Tetren 

5.0 

H(tetren)^ 

4.7 

H2(tetren)^^ 

0.2 

HjC tetren) 

0.007 

Trien 

5.4 

Cu(EDTA)^' 

EDTA^* 

0.174 

H(EDTA)^' 

1.5  X  10’ 

2- 

MNT 

7.6  X  10^ 

Penten 

1.7  X  10^ 

H(penten)^ 

1.6  X  10^ 

2+ 

H2 (penten) 

3  X  10^ 

(penten) 

1.5  X  10^ 

Tetren 

2.2  X  10^ 

H(tetren)^ 

3.7  X  10^ 

H2(tetren)^^ 

6.7  X  10^ 

H^( tetren) 

34 
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ML 

Y 

,„-l 

kL  (M  sec 

2- 

»  5 

CuEDTA 

Trien 

4.3  X  10 

9.1  X  10^ 

H(trien)^ 

3.5  X  10^ 

H2(trien)^^  2.1  x  10^ 


trien) 

360 

44 

z- 

Cu(EGTA) 

par' 

300 

H(PAR) 

1.8 

) 


ABBREVIATIONS 


BT 

CAL 

CyDTA 

dien 

EDTA 

EGTA 

en 

HEEDTA 

MNT 

NTA 

PAR 

penten 

tetren 

trien 


Eriochrome  Black  T 

1- (hydroxy-4-methyl-2-phenylazo) -2-napthol-4-sulfonate 
cyclohexylenediaminetetraacetic  acid 
diethylene triamine 
ethylenediaminetetraacetic  acid 

ethyleneglycolbis(2-aminoethyl  ether) -tetraacetic  acid 
ethylenediamine 

hydroxyethylethylenediamine tetraacetic  acid 
maleonitriledithiolate 
nitrilotriacetic  acid 
4- (2-pyridylazo)resorcinol 

N,N,N' ,N' -tetra(2-aminoethyl) ethylenediamine 

tetraethylenepentaraine 

triethylenetetramine 
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concentration  ranges.  The  mechanistic  pathways  elucidated  with 
well-defined  ligands  are  consistant  with  the  equilibrium  stability 
constants  of  the  metal  complexes.  The  kinetics  of  ligand  exchange 
reactions  of  humic  acids  are  interpreted  in  light  of  the  mechanisms 
applicable  to  well-defined  ligands. 


THEORY 


The  kinetic  behavior  of  ligand  exchange  reactions  was  examined  to 

determine  the  mechanistic  pathways  for  these  reactions.  Terms  and 

definitions  are  given  in  Table  II.  The  mechanisms  are  written  below 

with  reaction  of  the  protonated  ligands  included  in  the  overall  rate 

constants,  which  are  pH-dependent ,  and  rate  expressions  are  derived 

assuming  steady- state  concentrations  of  intermediate  species  (i.e.-  Cu 

and  LCuD)  and  neglecting  back  reaction  of  the  product  CuD.  For  each 

mechanism,  contributions  of  the  protonated  species  to  the  rate  constants 

can  be  expressed  explicitly  if  equilibration  of  protonated  species  is 

assumed  to  be  rapid.  Thus  for  the  indirect  mechanism: 

k_  , 

CuL,j, 

Cu  +  Uj,  (2) 


-d(D)  > 
dt 


Cu  +  D_  " -  CuD 

CuD 


K  T  K 
CuL_  Cu 

''cu  ("t'  " 


(CuL)  (D.J,) 


(3) 

(4) 


where 
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TABLE  II.  Terms  and  Definitions 


k„  ,  or 
CuL  CuD 


,  H  ,  H 

^CuL  ^CuD' 


or 


,  CuL  ,  CuL 

‘'d  >StD  •  • 

'‘cuDj,  *'CuUj, 


a 


.intrinsic  rate  constants  for  dissociation  of  complex 
CuL  or  CuD 

.intrinsic  rate  constant  for  acid-catalyzed 
dissociation  of  complex  CuL  or  CuD  or  for 
dissociation  of  the  protonated  complex  CuLH  or  CuDH 
(these  are  mathematically  identical) 

•intrinsic  rate  constant  for  formation  of  the  complex 
CuL  or  CuD  by  reaction  of  Cu  with  D  or  L 
.intrinsic  rate  constant  for  formation  of  complex  CuL 
or  CuD  by  reaction  of  Cu  with  HL  or  HD  (H^  is 
displaced  by  the  incoming  metal) 

intrinsic  rate  constant  for  direct  attack  of  D  or  HD 

on  complex  CuL  to  give  the  product  CuD 

overall  rate  constant  (at  fixed  pH)  for  dissociation 

(including  acid-catalyzed  dissociation)  of  complex 
CuD  or  CuL 

overall  rate  constant  (at  fixed  pH)  for  formation  of 
complex  CuL  or  CuD  by  reaction  of  Cu  with  all  L  or  D 
ratio  of  rate  constants  for  reaction  of  Cu  with  D.^, 

‘'cu  / 

overall  rate  constant  for  reaction  of  all  D  species 
with  complex  CuL  to  give  the  product  CuD 
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k . rate  constant  for  reaction  via  indirect  pathway 

ind 

k . rate  constant  for  reaction  via  direct  pathway 

dir 

or  . equilibrium  stability  constant  for  complex  HD  or  HL 

^CuD*^ . conditional  stability  constant  (pH-dependent)  for 

complex  CuD 

. fitting  parameter  used  to  account  for  imperfect 

mixing  in  kinetics  experiments 
Hum^ . total  humic  acid  concentration 

HumX . concentration  of  humate  binding  site  X  (X-  1,2  for  2 

binding  site  types) 

CuHumX . concentration  of  Cu  bound  at  humate  site  X 

S . site  density  of  Cu  humate  binding  sites/  mg  humic 

acid 

or  k^?"^ . rate  constant  for  reaction  of  CuHuml  with  D  by 

indirect  or  direct  pathway 

k  . . rate  constant  for  reaction  of  CuHum2  with  D 

HZ 

k^  ,,  . rate  constant  for  dissociation  of  CuHum 

CuHum,^, 

Hum,^ 

k^  . rate  constant  for  reaction  of  Cu  with  Hum 

Cu 
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(5) 


(6) 


k„  .  =  k  .  +  kj!  .  (H"^) 

CuL^  CuL  CuL 


,  ^  T  ,  HL  1  ^ 

^Cu  -  ^Cu  ^  ^Cu 


^Cu  = 


^  "  ‘SiD  > 

[N.B.  k  is  neglected  in  consideration  of  the  reaction  as  written 

T 

above.  It  is  shown  here  for  future  discussion  of  the  reverse  reaction 
( i  .  e  .  -  CuD  +  L  - ►  D  +  CuL) . ] 


For  the  direct  reaction: 


CuL  "t  D 


-d(D)  =  kp“^  (CuL)(D  )  (9) 

- 


L  +  CuD 


^CuL  _  j^CuL  ^  ^uL 


^L  <»  > 


In  this  study,  the  rate  constants  for  the  formation  and  dissociation  of 
the  ternary  complex,  which  is  assumed  to  be  at  steady- state ,  were  not 
resolved  and  so  are  expressed  as  a  single  term  . 

These  two  types  of  mechanisms  can  be  distinguished  experimentally 
based  on  the  observed  effect  of  the  free  L  concentration  on  the  rate. 

In  the  presence  of  excess  L  the  overall  rate  is; 


Xcu  ^  "  ''d"" 


(CuL)  (D.j) 


The  importance  of  the  indirect  pathway  should  be  strongly  influenced  by 
the  relative  concentrations  of  D  and  L.  For  (L)  »  (D) ,  competitive 
behavior  is  predicted  and  the  rate  should  be  inversely  proportional  to 
(L) .  For  (L)  «  (D) ,  "trapping"  behavior  is  predicted  and  the  rate 


should  be  dependent  only  on  the  intrinsic  rate  constant  for  dissociation 
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EXPERIMENTAL  SECTION 

Materials :  Analytical  grade  reagents  were  used  without  further 

purification  except  for  NaCl .  Solutions  of  5  M  NaCl,  prepared  with 

analytical  grade  salts,  were  treated  with  Chelex  100  to  remove  trace 

metals  and  then  diluted  with  Milli-Q  water.  [Chelex  100  resin  was 

cleaned  with  3  M  NH^OH,  rinsed  extensively  and  then  reconverted  to  the 

Na^-form  before  use  to  minimize  leaching  of  organic  chelators  from  tne 

resin. ]  Humic  acid  (Aldrich)  was  obtained  as  the  Na-salt  and  cleaned 

before  use  by  re -precipitation  from  acid  solution  (as  described  in 

Heiing  and  Morel,  submitted  (a)).  The  fluorescent  reagent,  Calcein, 

(herein  referred  to  as  dye  or  D)  was  used  as  received  from  Sigma. 

All  kinetics  experiments  (except  for  the  study  of  the  reverse 

-3 

reaction  of  NTA  with  CuD)  were  performed  on  0.1  M  NaCl  and  10  M  PO^ 

(pH=  7.4  ±  02)  at  room  temperature.  The  experiment  on  the  reverse 

reaction  was  done  in  0.1  M  NaCl  buffered  to  pH  7.3  with  5  mM  HEPES 

(N-2-hydroxyethylpiperazine-N' -2-ethanesulphonic  acid) .  Experiments 

were  routinely  conducted  using  acid-washed  (dilute  HCl)  polyethylene  and 

sample  handling  was  done  in  a  laminar  flow  hood. 

Measurement  of  the  fluorescent  reagent:  Calcein  is  fluorescent 

over  the  pH  range  of  -3-11.  The  fluorescence  is  quenched  on  formation  of 

2+ 

complexes  with  paramagnetic  transition  metals,  in  this  case  Cu 
(Pribil,  1982  and  ref.  cit.).  The  determination  of  speciation  of  the 
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dye  in  the  presence  of  Cu  by  fluorescence  quenching  is  described  in 
detail  in  Appendix  B.  Fluorescence  was  measured  with  a  Perkin-Elmer 
LS-5  fluorescence  spectrophotometer  at  an  excitation  wavelength  of  492 
nm  and  an  emmission  wavelength  of  511  run.  The  fluorescence -dye 
concentration  relationship  was  calibrated  for  all  kinetics  experiments 
in  the  presence  of  NTA  or  EDTA.  For  experiments  with  humic  acid,  the 
dye  fluorescence  was  calibrated  at  each  humic  acid  concentration.  At 
high  concentrations  of  humic  acid,  apparent  fluorescence  of  the  humic 
acid  is  decreased  probably  due  to  absorption  of  the  fluoresced  light  by 
the  humic  acid  in  solution. 

Kinetics  experiments:  All  kinetics  experiments  (again  excepting 
the  NTA  reverse  reaction  experiment)  were  performed  by  mixing 
approximately  equal  volumes  of  reagent  solutions  using  a  dual  syringe 
assembly.  Thus  for  reactions  of  CuNTA  with  dye,  reagent  solutions 
(either  Cu  premixed  with  NTA  in  buffer,  or  dye  in  buffer)  were  drawn 
into  two  syringes.  At  t-0 ,  the  reagents  were  mixed  by  dispensing  them 
from  the  syringes  thiJi^igh  tubing  joined  by  a  T-connection  into  a 
fluorescence  cuvette.  Fluorescence  signals  were  integrated  over  4  sec. 
The  first  fluorescence  reading  was  obtained  at  -20  sec  and  thereafter  at 
-10  sec  intervals.  Fluorescence  was  measured  for  between  10  and  30  min. 
The  extent  of  reaction  occurring  over  this  time  varied  considerably 
depending  on  the  reaction  conditions.  For  the  NTA  reverse  reaction,  the 
reaction  was  initiated  by  spiking  a  solution  of  the  pre-equilibrated 
Cu/dye  in  buffer  in  100  mL  volumetric  flasks  with  a  small  aliquot  of 
0.01  M  NTA.  The  solutions  were  mixed  and  aliquots  removed  for 
fluorescence  measurements.  The  first  fluorescence  measurement  was 
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obtained  at  -4  min.  The  experiment  was  performed  in  duplicate.  Each 
flask  was  sampled  at  -10  min  intervals  for  the  first  hour.  The  reaction 
was  followed  to  equilibrium  (-4  h) . 

Data  treatment  and  modeling:  In  all  kinetics  experiments,  measured 
fluorescence  was  related  to  free  dye  concentration  by  calibration  curves 
obtained  immediately  following  the  kinetics  experiments.  No  other  dye 
species  (i.e-  than  free  or  protonated  D)  was  considered  to  contribute  to 
observed  fluorescence.  Quenched  fluorescence  was  attributed  solely  to 
the  formation  of  a  1:1  CuD  species.  Thus  from  the  total  concentrations 
of  reagents,  the  (assumed)  stoichiometry  of  the  complexes,  and  the 
observed  fluorescence,  the  concentrations  of  free  D  and  CuD  over  time 
could  be  calculated. 

For  kinetics  experiments  performed  with  the  dual  syringe  assembly, 
the  approximate  nature  of  the  mixing  procedure  affects  the  initial 
concentrations  of  the  reagents.  A  fitting  parameter  P^,  “  apparent 

(D)^/[l/2  undiluted  (D)^] ,  was  introduced  in  the  data  analysis  to 
account  for  imperfect  mixing  as  described  below. 

The  method  of  extraction  of  rate  constants  from  kinetic  data  varied 
depending  on  the  concentrations  of  reactants.  For  reactions  of  CuNTA 
with  dye  (NTA  in  excess),  an  observed  second-order  rate  constant  (i.e.- 
rate  =■  -  d(D)/  dt  -  (CuNTA)  (D))  was  obtained  in  one  of  two  ways. 

For  (CuNTA)  »  (D) ,  a  pseudo- first  order  rate  constant  was  obtained  from 
and  exponential  fit  to  the  concentration  of  free  dye  over  time.  The 
extrapolated  value  of  (D)^  was  used  to  calculate  the  mixing  parameter 
then 
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2iid-order  rate  constant  =  pseudo  Ist-order  rate  constant 

(CuNTA) 

where  the  concentration  of  CuNTA  is  corrected  for  the  mixing 
inefficiency.  For  (CuNTA)  ~  (D) ,  the  second-order  rate  constant  was 
obtained  explicitly  by  plotting 

_ 1 _  (D)  [(CuNTA)  -x] 

(CuNTA)^-  (D)^  (CuNTA)  ^ 

o  o 

where  x  is  the  amount  reacted  (Moore  and  Pearson,  1981) .  The  mixing 

parameter  P  in  this  case  was  also  obtained  from  the  ratio  of  the 
m 

apparent  initial  dye  concentration  (again  extrapolated  from  a  simple 
exponential  fit)  to  the  expected  initial  concentration. 

For  the  reaction  of  CuNTA  with  dye  (NTA  not  in  excess) ,  the  data 


(12) 


then 


-dy  = 


dt 


^CuL^^Cu 


CuL„ 


(CuNTA)^- (D)^  +  y 


(14) 


or 


a  T  1 

CuL.j,  +  k 

[(CuNTA)^-(D)^]  y  +  y 

(a-l)y  +  (NTA)^  +  (D)^ 

(15) 


and 


a  k 


Cul^ 


L(a-l)y  +  (NTA)^  +1^ 


Cul^ 


[(CuNTA)^-(D)^]y  +y' 


At. 


(16) 


The  mixing  parameter  affects  the  initial  values  of  all  concentrations 


such  that 


apparent  (D)  -  undiluted  (D)  (P  ) 

o  o  m 

apparent  (NTA)^  —  undiluted  (NTA)^ 

apparent  (Cu)  -  undiluted  (Cu)  (1-P  ) . 

o  o  m 

Because  there  are  two  fitting  parameters  in  this  model,  a  and  P^,  there 
is  a  large  uncertainty  in  the  value  of  a.  Figure  1  shows  the  difficulty 
in  constraining  the  value  for  a  with  the  available  data.  [N.B.-  the 
sensitivity  of  the  fit  to  the  value  for  a  varies  depending  on  the  ratio 
of  reactants . ] 

For  the  reaction  of  CuD  with  excess  ligand  (either  NTA  or  EDTA) , 
the  data  was  analyzed  as  pseudo-first  order  reaction  in  CuD.  Thus  for 

CuD  +  L - ►  D  +  CuL  (excess  L) ,  the  pseudo  first-order  rate  constant  for 

the  indirect  pathway  is 
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Figure  1 


Free  dye  concentration  over  time  for  CuNTA  +  D  - ►  NTA  +  CuD 

(at  approximate  concentrations  D„  =  40  nM,  Cu^  ~  50  nM, 

NTA^  «  60  nM) .  Model  fit  to  data  for  ( - )  a-  0.7,  P^“0.49; 

(---)  Q=l.l,  P  =0.47;  (...)  a=0.3,  P  =0.52. 

^  ^  m  >  V  ^  >  nj 
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(^^u)  aAp 


for  (L)  »  (D) 


(17) 


^CuD^  ^Cu 


CuD„ 


and  the  pseudo  first-order  rate  constant  for  the  direct  pathway  is 

(L) 


for 


-d(CuD) 


dt 


+  k 


CuD 

hr 


(CuD)  . 


(18) 


For  experiments  with  EDTA,  a  value  for  based  on  the  apparent 
concentration  of  (D)^  was  applied  as  a  correction  to  all  concentrations 
In  these  cases  the  effect  of  the  formation  of  CU2D  on  the  expected  (D)^ 
was  also  included  in  the  calculation  (see  Appendix  B) .  However  the 

reaction  of  CU2D  +  L  ►  CuD  +  CuL  is  neglected  in  the  kinetic  analysis 

as  it  does  not  result  in  any  fluorescence  change. 


RESULTS 

Model  system:  Ligand  exchange  reactions  between  the  fluorescent 
dye  and  synthetic  ligands  were  studied  for 

CuL  +  D  - ►  L  +  CuD  L  -  NTA 

(herein  referred  to  as  the  "forward"  reaction)  and  for 

CuD  -I-  L  - ►  D  +  CuL  L  -  NTA,  EDTA 

(referred  to  as  the  "reverse"  reaction).  [Rate  constants  obtained  for 
these  reactions  are  summarized  in  Table  III.]  For  the  forward  reaction 
of  the  dye  with  CuNTA,  the  ligand  exchange  was  inhibited  by  free  NTA  as 
shown  in  Figure  2.  For  experiments  with  a  sufficient  excess  of  NTA 
(free  NTA:  dye  >  5),  indirect  pathway  (NTA -dependent)  and  direct  pathway 
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TABLE  III.  Summary  of  rate  constant  for  ligand  exchange  reactions 
(model  system-  L  =  NTA) . 


indirect  mechanism 


CuL  ■  z  Cu  +  L 
Cu 


-  9  ±  4  X  10^  sec"^ 


Cu  +  D  -  CuD 

CuD 


2  ±  1  X  10'^  sec'^ 


,12.2  ±  0.2 


k^^  -  5.2  ±  0.3  X  10^  sec'^ 
kcuD^  -  3.6  ±  1.6  xlO'^  sec'^ 


direct  mechanism 


L  +  CuD 


k^^^  =  4.8  ±1.0  X  10^  m'^  sec'^ 
T 


.CuD  ,  „-l  -1 

Ky  -  2d  ±  2  M  sec 

S' 


,2.3  ±  0.1 


,cond 


,12.9  ±  0.1 
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Figure  2.  Free  dye  concentration  over  time  for  CuNTA  +  D  - ►  NTA  +  CuD 

at  varying  NTA  concentrations.  Approximate  concentrations: 


D.J,  =  10  nM.  Cu.^  «  50  nM,  NTA.^,  «  60  (O  .  A),  80  (□), 
120  (  V  )  ,  or  200  (O)  • 
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(NTA- Independent)  rate  constants  were  extracted  from  a  plot  of  observed 
second-order  rate  constant  (l.e.-  rate  -  -d(D)/dt  -  ^q^s 
a  function  of  l/(free  NTA)  as  shown  in  Figure  3.  The  non-zero  intercept 
indicates  that  at  high  free  NTA  concentrations  the  dominant  pathway  for 
ligand- exchange  does  not  involve  (complete)  dissociation  of  the  CuNTA 
complex.  From  Figure  3,  the  following  rate  constants  are  obtained: 


for  the  indirect  mechanism,  the  NTA-dependent  rate  constant  is 


^CuL.j,  Cu 


1.31  ±  0.07  X  10*^  sec*^ 


and  for  the  direct  mechanism,  the  NTA- independent  rate  constant  is 
kCuL  .  4.8  ±  1.0  X  10^  sec'^ 

For  these  conditions  (i.e.-  excess  free  NTA),  the  contributions  of  the 
two  pathways  are  equal  at  a  free  NTA  concentration  of  -270  nM.  The 


ratio  k  ^  /  k  corresponds  to  the  conditional  stability  constant  for 
Cu  CuLvp 

CuNTA  -  10^°-^,  pH  -  7.3,  -  0.1).  Thus 


^T 

k_  -  k 
Cu  I 


„  ..  k/  -  5.2  ±  0.3  X  10^  sec’^ 

Cul^  Cu  CuNTA 


For  ligand  exchange  experiments  under  conditions  for  which  the  free  NTA 
was  not  in  excess  of  the  dye  the  observed  indirect  (NTA-dependent)  rate 
constant  is 


^CuLsj,  ^Cu 
Isp 

D-.  L_ 

and  the  ratio  of  k_^/  k,^  may  be  obtained.  For  32  experiments 

Cu  ,  Cu 
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Figure  3.  Observed  second-order  rate  constants  vs  1/(NTA) 

for  CuNTA  +  D  - ►  NTA  +  CuD  [-d(D)/dt  -  (CuNTA) (D)  and 

‘'obs  -  +  ■'dir'  ■ 
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(conditions  shown  in  Table  IV) ,  the  experimental  results  are  consistent 
with  a  value  of  this  ratio  of  0.6  ±  0.3  (shown  for  a  sample  data  set  in 
Figure  1) .  The  large  uncertainty  in  this  value  allow  only  rough 

estimates  of  k_  and  ^  •  Thus 
Cu  CuL 

"CuL_  -  W  1^31  X  10-^_  -  2  ±  1  X  10-^  sec-^ 


^CuU,  -  ^  ^  -  9  ±  4  X  10^  M-1  sec'^ 

An  independent  estimate  of  k  may  be  obtained  from  the  work  of 
Maguire  (1974)  in  which  the  effect  of  pH  on  the  rate  of  CuNTA  formation 
was  studied.  For  the  reactions 


Cu  +  NTA 


CuNTA 


HNTA 


Cu  +  HNTA  — CuNTA  +  H 


the  observed  rate  constant  for  reaction  of  Cu  with  both  NTA  species 
NTA,^ 

^^Cu  ^ 

C  •  (20) 

^  ‘SiNTA^”  ^ 

T7  1  f  ..  4.  *.  1  NTA  ,  ._9  u-l  -1»  ,  ,  HNTA  _ 

Values  for  the  rate  constants  k_  (7.1  x  10  M  sec  )  and  k^  (1.0  x 

Cu  Cu 


~  — X  +  + 

10  M  sec  )  were  obtained  from  a  plot  of  k^^  [1  +  •  ("  ) 

NTA.J, 

as  shown  in  Fig.  4.  The  predicted  value  for  k  at  pH-  7.3  (i.e.-  for 

Gu 

^  7-1-1 

k^^  in  our  experiments)  is  2.0  x  10  M  sec 


nta^ 
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TABLE  IV.  Kinetic  parameter  derived  for  experiments  with  (NTA)  »  (D) 


for  CuNTA  +  D  - ►  NTA  +  CuD 


,  -  1.31  X  10 

CUL.J, 

1  OnL  .  Q  1  A  ^ 
k  -4.8x10 

°T 


-3 


concentration  before  dilution  (nM)  a 


Cu_ 

NTA_ 

D. 

T 

T 

1 

100 

120 

20 

0.6 

0.47 

11 

tl 

20 

0.8 

0.45 

II 

II 

40 

0.8 

0.46 

It 

tl 

80 

0.7 

0.49 

It 

It 

200 

0.4 

0.56 

It 

tt 

200 

0.6 

0.52 

tl 

tt 

300 

1.0 

0.55 

!l 

II 

400 

0.6 

0.52 

It 

II 

500 

0.9 

0.53 

100 

140 

200 

0.5 

0.46 

tt 

It 

300 

0.6 

^  50 

tt 

tt 

300 

0.5 

0.49 

II 

It 

400 

0.4 

0.50 

tt 

tt 

400 

0.3 

0.50 

tl 

It 

500 

0.8 

0.48 

100 

160 

20 

1.0 

0.41 

ft 

tt 

20 

0.9 

0.43 

It 

tt 

40 

0.4 

0.50 

tt 

It 

40 

1.0 

0.54 

It 

tt 

80 

0.6 

0.48 

II 

tt 

100 

0.4 

0.52 

It 

It 

200 

0.7 

0.51 

It 

tt 

200 

0.6 

0.51 

100 

240 

40 

0.1 

0.46 

II 

If 

80 

0.5 

0.48 

tl 

It 

200 

0.5 

0.50 
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concentration  before 

dilution  (nM) 

a 

P 

m 

Cu 

nta^ 

D 

T 

T 

T 

100 

4uU 

200 

0.2 

0.51 

200 

280 

200 

0.1 

0.49 

II 

280 

300 

0.2 

0.50 

II 

280 

400 

0.2 

0.47 

It 

280 

400 

0.4 

0.48 

It 

280 

500 

0.2 

0.51 
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Figure  4 


Effect  of  pH  on  formation  of  CuNTA  based  on  work  of  Maguire 

(1974).  For  the  reaction  Cu  +  NTA.^,  - ►  CuNTA, 

NTA 

^Cu  ‘^Cu  ‘^Cu  niNTA  ^  • 


1  + 


NTA  HNTA 

Thus,  the  intrinsic  rate  constants  k_  and  k_  can  be 

Cu  Cu 

NTA^  + 

extracted  from  a  plot  of  [1  +  (H  )]  vs.  (H  ), 
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(c_OLX)  [(,H)''^>I  +  L]  ,  "3, 


The  reverse  reaction  (t.e.-  CuD  +  L)  was  studied  for  L  =  NTA  with  a 
very  large  excess  of  NTA  and  for  L  =  EDTA  over  a  range  of  EDTA 
concentrations.  Frcn  the  reaction  with  NTA  the  constant  for  the  direct 
pathway  was  determined. 

k  -  25  ±  2  M  sec 

For  the  reaction  of  CuD  with  EDTA  (EDT^  in  f xcess) ,  contributions  of 
indirect  and  direct  pathways  to  the  overall  rate  could  be  assessed  by 
plotting  a  pseudo-first  order  rate  constant  against  EDTA  concentration 
(Fig .  5) .  Thus  for 


rate  =  d(D)  =  k  ,  (CuD)  =  k_  _  +  (EDTA)  (CuD).  (21) 


The  rate  constant  for  the  direct  pathway  is 
k^'^^  -  33.0  ±  3.5  sec'^. 


(L  -  EDTA) 


For  the  indirect  mechanism  (for  "trapping"  conditions,  i.e.  with  excess 


EDTA) 


3.6  ±  1.6  X  10  ^  sec  ^ . 


The  consistency  of  the  kinetic  data  may  be  assessed  by  comparison 
of  kinetic  and  equilibrium  constants.  The  ratio  of  the  indirect  rate 
°T 

constants  k^  /  k^  is  the  conditional  stability  constant  for  CuD,  then 
Cu  CuD.j, 


T  _  cond 
‘^Cu  ‘^CuD 


7  12  2  +  0  2 

5.2  ±  0.3  X  10  =  10  “ 


3.6  ±  1.6  X  10 


The  ratio  of  the  rate  constants  for  reaction  by  direct  attack 
corresponds  to  the  ratio  of  the  conditional  stability  constants  for  CuD 


and  CuNTA 
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Figure  5.  Observed  first-order  rate  constant  for  reverse  reaction 


CuD  +  EDTA  - ►  D  +  CuEDTA  [-d(CuD)/dt 

CuD 

k  .  -  k„  _  +  k,  (EDTA) ] . 

obs  CuD^ 


k  ,  (CuD)  and 
obs 
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EDTA  (M)  xIO 


a  general  decrease  in  the  ligand  exchange  rate  is  observed  with 
increasing  humic  acid  concentrations  (Figure  6) .  For  the  ligand 
exchange  reaction  with  5.4  or  10.8  mg/L  humic  acid,  each  reaction  could 
be  fit  with  a  single  rate  constant  as  shown  in  Figure  7a.  However,  for 
lower  concentrations  of  humic  acid  (1.1  n>g/L)  two  rate  constants  were 
required  (Figure  7b) .  Values  obtained  for  the  rate  constants  are 
summarized  in  Table  V) .  As  discussed  for  the  model  system  the 
contributions  of  the  indirect  and  direct  mechanisms  may  be  estimated 
from  the  relation  between  the  observed  second-order  rate  constants  and 
the  free  humic  acid  concentration  (i.e.-  Hum.j,  -  CuHum)  .  For  5.4  and 
10.8  mg/L  humic  acid,  the  humic  acid  Cu-binding  sites  should  be 
sufficiently  in  excess  of  Cu,j,  (50  nM)  that  free  humic  =  total  humic. 
However  for  1.1  mg/L  humic  acid  the  necessity  for  two  kinetic  rate 
constants  suggests  that  the  Cu  concentration  is  not  negligible  compared 
to  the  concentration  of  strong  binding  sites.  Thus  the  data  for  1.1 
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Figure  6.  Free  dye  over  time  for  CuHum  +  D  - ►  Hum  +  CuD  for 

approximate  concentrations  Cu^  =  50  nM  and  ~  20  nM  (a)  or 

50  Tu’  (b)  .  Total  btttic  acid  ~  1.1  uig/L  (O),  5.4  mg/L  (A), 


and  10 . 8  mg/L  (  □ ) . 
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Figure  7.  Logarithmic  transform  of  the  free  dye  over  time  (normalized 

to  apparent  (D)^)  for  CuHum  +  D  ►  Hum  +  CuD.  With 

(CuHum)>(D) ,  the  reaction  is  pseudo-first  order  in  D. 
Approximate  concentrations:  Cu^  «  50  nM,  »  20  nM,  (a) 
Humic^  «  5.4  mg/L  (A),  and  10.8  mg/L  (□)  and  (b)  Humic.j,  » 
1 . 1  mg/L . 


L55 


Ir:  [Dt  /  Dq] 


TABLE  V.  Summary  of  rate  constant 
acid) 

approximate  concentration 
Dye  (nM)  Hum^  (mg/L) 

20  10.8 

50  10.8 

20  5.4 

50  5.4 

20  1.1 


for  ligand  exchange  reactions  (humic 

obs .  second-order  rate  constant 
-In 

(M  sec  ) 

6.58  X  10^ 

7.39  X  10^ 

1.09  X  10^ 

1.03  X  10^ 

(early)  9  x  10^ 

(late)  6.0  X  10^ 
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mg/L  is  omifted  from  Fig.  8a  which  shows  the  second-order  rate  constant 
vs.  the  reciprocal  of  the  humic  acid  concentration  (in  mg/L).  Figure  8b 
shows  the  rate  constant  for  later  reaction  of  the  1.1  rag/L  experiment 
with  the  corresponding  value  of  1/free  humic  used  in  subsequent  modeling 
of  this  reaction.  Again  by  analogy  with  the  model  system  we  expect  that 
for 


rate  -  -  d(D)  -  k  .  {CuHum)(D)  (22) 

_  obs 

dt 

k  ,  -  k.  ,  1  +  k,.  . 

obs  ind  _  dir 

(Hum) 


(23) 


From  Figure  8 , 

k^^^  -  3.95  ±  0.63  X  10^  mg  mol  ^  sec  ^  and 

k..  -  3.3  ±  0.6  X  10^  sec'^. 

dir 

These  results  indicate  the  contribution  of  both  indirect  and  direct 

pathways  to  the  observed  reaction. 

For  the  experiments  with  1.1  mg/L  humic  acid,  the  apparent  change 

in  the  rate  constants  over  the  course  of  the  reaction  indicated  that  the 

amount  of  Cu  bound  was  not  negligible  compared  to  the  concentration  of 

strong  Cu  binding  sites.  If,  for  the  reaction  with  20  nM  dye,  it  is 

assumed  that  the  observed  rate  constant  (for  the  later  part  of  the 

reaction)  conforms  to  the  equation  determined  for  the  reaction  at  higher 

humic  acid  concentrations  [i.e.-  k^j^^  -  3300  +  (39 , 500)*(l/free  humic)], 

then  the  concentration  of  free  humic  at  1.1  mg/L  total  humic  acid  and  50 

nM  Cu_  can  be  calculated.  For  k  ,  60,000,  the  calculated  free  humic 

1  obs 

concentration  is  0.7  mg/L  and  the  Cu-bound  humic  concentration  is  0.4 
mg/L.  The  amount  of  Cu  bound  to  this  site  is  -42  nM  (since  some  of  the 
total  50  nM  of  Cu  is  bound  in  the  faster  reacting  site-  see  Appendix). 
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Figure  8 


Plot  of  second-order  rate  constant  vs  l/(free  humic)  for 

CuHum  +  D  - ►  Hum  +  CuD,  -d(D)/dt  -  (CuHum) (D) , 

k  ,  “  k..  /(free  humic)  +  k,  .  (a)  experimental  results  for 
obs  diss  int  ^ 

5.4  and  10.8  mg/L  humic  acid  (with  the  assumption  that  free 
humic  «  total  humic)  (b)  experimental  values  for  5.4  and  10.8 
rg/L  and  extrapolated  value  for  1.1  mg/L  Hum.^  used  in 
calculations  for  Fig.  9. 
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Thus  the  site  density  is 

42  nM  Cu/L  ,_-7 

~  10  mol  Cu-binding  site 

0 . 4  mg/L  .  .  .  , 

mg  humic  acid 

For  the  experiemnt  with  50  nM  dye  and  1.1  mg/L  humic  acid, 
extraction  of  rate  constants  is  complicated  by  the  non-negligible  change 
in  Cu-humate  concentration  as  compared  with  the  change  in  the  dye 
concentration.  However  these  results  may  be  compared  with  other  ligand 
exchange  experiments  with  humic  acids  using  the  follov/ing  model.  [A 
complete  description  of  the  model  is  given  in  the  Appendix. ]  In  this 
model,  the  dye  reacts  with  Cu  bound  at  2  humate  sites  (i.e.-  with 
CuHuml ,  the  slow- reacting  species,  and  CuHum2 ,  the  fast-reacting 
species) .  The  initial  concentrations  of  these  Cu-humate  species  (for 
Cu.j,  w  50  nM,  Hutij,  »  1.1  mg/L)  is  taken  from  the  experiments  with  20  nM 
dye.  The  reaction  of  the  dye  with  CuHuml  is  described  with  the  2  rate 
constants,  for  ligand  exchange  via  indirect  and  direct  pathways, 
obtained  from  Fig.  8.  The  reaction  of  the  dye  with  CuHum2  is  described 
with  a  single  rate  constant.  The  value  for  this  rate  constant  is 
cptir.iztd  from  the  model  fit  for  the  experiment  with  20  nM  dye,  1.1  mg/L 
humic  acid.  Then  for 


Dye  +  CuHum2 


Dye  +  CuHuml 


CuDye  +  Hun;2 

CuDye  +  Huml  where 


(Huml) 

•d(Dye)  =  (CuHum2)  (Dye)  +  kj"  +  k^J’'  (CuHuml)  (Dye)  (24) 

(Huml) 


(Huml)  [mg/L]  -  Hum.^,  [mg/L]  -  (CuHuml)  [mol/L] 

site  density  [mol/mg] 
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The  site  density  (10  ^mol/mg)  is  obtained  from  the  20  nM,  1.1  mg/L  Hura.^, 
experiment  as  described  above.  The  model  fit  to  the  data  is  shown  for 
experiments  witn  1.1  mg/L  Hum.^,  50  nM  Cu.^.  and  both  20  and  50  nM  Dye.^,  in 
Figure  9  (note  that  there  are  no  adjustable  parameters  in  the  fit  to  the 
50  nM  Dye  experiment) .  The  deviation  of  the  model  fit  from  the  data  at 
longer  times  may  indicate  that  the  system  is  approaching  equilibrium. 

The  general  agreement  of  the  model  with  the  data  demonstrates  the 
consistency  of  ligand  exchange  experiments  with  1.1,  5.4,  and  10.8  mg/L 
Hum.^. 

DISCUSSION 

The  results  obtained  in  model  systems  (with  well-defined  ligands) 
demonstrate  that  the  kinetics  of  ligand  exchange  reactions  are 
consistent  with  a  relatively  simple  interpretation.  In  this 
interpretation,  ligand  exchange  reactions  at  high  concentrations  of  the 
out-going  ligand  are  dominated  by  direct  attack  of  the  incoming  ligand 
on  the  initial  metal-ligand  complex.  This  result  is  consistent  with 
previous  observations .  However  at  low  concentrations  of  the  outgoing 
ligand  (in  this  case  NTA) ,  an  indirect  pathway  becomes  important.  Based 
on  this  model,  kinetic  constants  can  be  derived  from  the  data.  The 
agreement  of  the  rate  constant  for  the  formation  of  CuNTA  (at  pH=7.3) 
derived  from  ligand  exchange  experiments  with  the  value  predicted  from 
the  work  of  Maguire  supports  our  interpretation  of  the  ligand  exchange 
kinetic  data.  The  validity  of  the  model  chosen  for  the  reaction 
mechanlsm(s)  may  also  be  asses.«ed  from  the  concordance  of  kinetic  and 
equilibrium  stability  constants. 
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Figure  9.  Model  fit  for  reaction  of  Dye  with  2  Cu-humate  species  (solid 
lines)  and  data  for  ligand  exchange  reaction  of  Dye  with 
Cu/humic  acid  (Cu^  =  50  nM,  Hum^  =  1.1  mg/L)  Dye.^,  =  20  (O) 
or  50  ( A  >  nM. 
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Although  this  mechanistic  model  for  ligand  exchange  reactions  is 
reasonably  consistent  with  kinetic  and  equilibrium  observations,  it  is 
nonetheless  an  oversimplification  of  the  actual  system.  Equilibrium 
experiments  (see  Appendix  B)  show  that  some  minor  species,  particularly 
the  dinuclear  species  CU2D,  are  not  negligible.  The  presence  of  a 
stable  ternary  complex,  NTACuD,  is  also  indicated  by  equilibrium 
experiments.  However  with  only  the  available  information  on  the 
concentration  of  reacting  species,  a  more  detailed  mechanism  cannot  be 
defined . 

Based  on  results  from  the  model  system,  ligand-exchange  reactions 

of  the  fluorescent  reagent  with  Cu-humate  may  be  interpreted  using  the 

same  models.  These  results  suggest  both  direct  and  indirect  pathways 

for  the  ligand  exchange  reactions.  The  contributions  of  the  two 

mechanisms  to  the  overall  reaction  are  approximately  equal  at  a  free 

humic  acid  concentration  of  -13±4  mg/L  with  50  nM  Cu,^,  or  at  a 

.3 

Cu-to-huraate  loading  of  -4  x  10  /xmol  Cu/  rag  humic  acid. 

To  assess  the  contributions  of  these  pathways  in  natural  waters, 
this  value  for  Cu-to-humate  loading  may  be  compared  with  Cu,j,/D0C  ratios 
measured  in  the  environment.  In  Table  VI,  the  value  obtained  from 
kinetic  experiments  (expressed  now  in  terms  of  /imol  Cu^/  mg-C  humic)  is 
compared  with  values  reported  by  Newell  and  Sanders  (1986)  and  Anderson 
et  al .  (1984).  Since  the  Cu-to-DOC  loading  in  natural  waters  is  very 
similar  to  the  Cu-to-humate  carbon  loading  for  which  the  indirect  and 
direct  mechanisms  are  equally  important  in  ligand  exchange  reactions,  it 
may  be  concluded  that  both  of  these  types  of  mechanisms  must  also  be 
important  under  natural  conditions.  In  comparison,  the  experiments  of 
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TABLE  VI.  Cu-to-humate  or  DOC  loadings 


/imol  Cu/  rag  C 
-  3 

Cu-to-humate  loading  for  which  ~  8  x  10 

direct  and  indirect  pathways 
contribute  equally  to  ligand  exchange 
reactions  (from  kinetic  experiments) 

Cu-to-DOC  ratios  found  in  natural  waters 


Newell  and  Sanders  (1986) 

Sal 

5.4 

6.6 

X  10'^ 

10.9 

1.4 

X  10'^ 

13.9 

1.3 

o 

1 

Anderson  et  al.  (1984) 

tidal  pond 

23-28 

7±3  X 

10-3 

coastal 

32 

7±2  X 

10-3 
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Shuman  et  al .  (1983),  in  which  only  an  indirect  pathway  for  liganu 
exchange  was  observed,  were  conducted  at  much  higher  Cu-to-DOC  loadings 
(0.34  /imol  Cu/  mg  DOC). 

The  rate  constant  for  ligand  exchange  reactions  by  the  indirect 
pathway  of  Cu-humate  complexes  with  the  fluorescent  dye  provides 
information  on  Cu-humate  binding.  By  analogy  with  the  model  system,  for 
the  ligand  exchange  reaction 

CuHum  +  D  - ►  Hum  +  CuD 
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As  discussed  previously,  the  site  density  (i.e.-  mol  Cu  binding 
sites/  wt  humic  acid)  may  be  calculated  for  the  slow-reacting  site 
(Huml)  from  ligand  exchange  experiments  with  20  nM  Dye,  50  nM  Cu,j,,  and 
1.1  mg/L  Hum,j,.  The  calculated  site  density  is  -10  ^mol/mg.  The 
corresponding  stability  constant  for  Cu  binding  at  this  site  ) 

is  10 

The  results  of  ligand  exchange  experiments  with  humic  acids 
demonstrate  the  crucial  role  of  metal-to-humate  loading  in  kinetics 
experiments.  Only  at  low  Cu-to-humate  loadings  (approximately 
environmental  values)  can  the  contribution  of  the  direct  mechanism  be 
discerned.  At  higher  Cu-to-humate  loadings,  more  than  one  rate  constant 
is  required  to  fit  the  data.  This  is  consistent  with  the  previous 
observation  of  Shuman  and  co-workers  who  found  that  three  rate  constants 
were  required  to  model  the  reaction  of  CuDOC  with  PAR, 

4- (2-pyridyla2o)resorcinol ,  (at  0.34  pmol  Cu/  mg  DOC)  and  also  of 
Lavigne  et  al .  (1987)  who  again  found  three  rate  constants  to  be 
required  in  this  case  to  model  the  reaction  of  Ni-fulvate  with  PAR  (at 
0.12  to  1.1  /imol  Ni/  mg  fulvic  acid). 

For  ligand- exchange  reactions  at  low  Cu-to-humate  ratios,  the 
requirement  for  only  a  single  rate  constant  for  the  indirect  mechanism 
does  not  necessarily  indicate  involvement  of  only  one  type  of  humate 
binding  site.  The  apparent  "saturation"  of  the  site(s)  at  1.1  mg/L 
humic  acid  puts  an  upper  bound  on  the  site  density  and  thus  a  lower 
bound  on  the  Cu-humic  stability  constant.  However  the  involvement  of 
stronger  sites  at  correspondingly  lower  site  densities  cannot  be 
eliminated . 
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CONCLUSION 


The  ligand  exchange  reactions  of  Cu-humate  species  with  the 
fluorescent  reagent  can  be  interpreted  based  on  the  model  used  for  the 
reaction  of  this  reagent  with  CuNTA.  Experiments  with  well-defined 
ligands  demonstrate  that  the  concentration  range  and  relative 
concentrations  of  the  reactants  chosen  for  study  determines  whether  the 
contributions  of  different  mechanisms  can  be  discerned.  Ligand  exchange 
reactions  of  Cu  complexes  with  well-defined  ligands  and  with  humic  acid 
proceed  by  mechanisms  involving  both  dissociation  of  the  initial  Cu 
complex  and  direct  attack  of  the  incoming  ligand  on  the  initial  complex. 
Both  pathways  are  likely  to  be  important  at  Cu-to-humate  loadings 
occurlng  in  natural  waters .  The  rate  constants  observed  for  the 
indirect  reaction  of  Cu-huraate  species  may  be  further  interpreted  to 
provide  information  on  equilibrium  stability  constants  for  Cu-humate 
interactions . 
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APPENDIX:  Model  used  for  reaction  of  Dye  with  Cu/humic  acid  (50  nM  Cu^, 
1.1  mg/L  humic  acid). 


Dye  reacts  with  Cu  bound  at  2  humate  sites  (i.e.-  CuHuml , 
slow- reacting  species,  and  CuHum2 ,  fast-reacting  species). 

Sl2 


D  +  CuHum2 


D  +  CuHuml 


*^1 


CuD  +  Hum2 


CuD  +  Huml 


HI 


,  diss  ,  int 

Sll  ^  •'hi 


(Huml) 

Then  species  concentrations  over  time  are  predicted  from: 

,  diss 


2(CuHum2)^(D)^  + 


HI 


+  k. 


(Huml) 


int 

HI 


(CuHuml)^  (D) 


(CuHum2)^^^^  -  (CuHum2)j.  -  k^2<^'^'^2)^.(D)^ 


At 


At 


( CuHuml )^^^^  (CuHuml)^ 


-  >‘‘"1 
[  (Huml)  J 


(CuHuml) ^(D) ^ 


At 


and 


(Huml)  .  “  Huml_  -  (CuHuml) 

^  ^t+At  T  _ _ '^t+At 

S 

The  input  parameters  to  this  model  are: 

=  39,500  mg  mol  ^  sec  ^ 

k^t^  -  3,300  M'^sec'^ 

Hi 

k^2  =  9  X  10^  M'^  sec'^ 

Hum,j,  =  1.1  mg/L 

(D)  =  20  or  50  nM 

o 

(CuHuml)^  =  42  nM 
(CuHum2)^  -  8  nM 
S  -  10  ^  mol/mg 
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At  =  10  sec 


The  rate  constants  and  are  obtained  from  analysis  of 

ligand  exchange  experiments  conducted  with  high  humic  acid 
concentrations  as  shown  in  Figure  8 •  The  rate  constant  k^^^  is  optimized 
from  the  model  fit  for  the  experiment  with  20  nM  Dye,  50  nM  Cu,^,,  1.1 
mg/L  Hum,j,. 

The  initial  concentrations  of  CuHuml  and  CuHum2  and  the  site 
density  S  are  calculated  as  follows;  For  the  experiment  with  20  nM  Dye, 
50  Nm  Cu.^,  1.1  mg/L,  ln(D)  is  plotted  vs  time  (shown  in  Figure  7b).  The 
extrapolation  of  the  line  fit  to  this  data  (for  t  >  130  sec)  to  zero 
time  gives  the  concentration  of  Dye  (at  t  -  0)  reacting  with  CuHuml  (the 
slow- reacting  Cu-huraate  species).  The  remainder  of  the  Dye  is  taken  to 
have  reacted  with  CuHum2 .  Thus 

D.J,  -  extrapolated  value  of  (D)^  ”  (CuHum2) 

Cu,,  -  (CuHum2)  -  (CuHuml)  . 
loo 

The  site  density,  S,  is  calculated  as  described  in  the  text  under 
Results . 
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CHAPTER  SIX 


SLOW  COORDINATION  REACTIONS  IN  AQUATIC  SYSTEMS 

ABSTRACT 

The  rates  of  reaction  of  transition  metals  with  free  (or 
protonated)  ligands  are  intrinsically  fast.  Yet  the  observed  rate  of 
formation  of  metal  complexes  with  strong  ligands  in  seawater  systems 
containing  a  mixture  of  ligands  is  remarkably  slow.  When  copper  is 
added  to  mixtures  of  natural  and  synthetic  ligands,  the  equilibrium 
distribution  of  metal  species  is  only  established  after  hours  or  even 
days.  At  the  calcium  concentration  of  seawater,  kinetic  hindrance  to 
the  initial  reaction  of  the  stronger  ligand  with  the  added  metal  results 
in  initial  formation  of  copper  complexes  with  the  weaker  ligands. 
Equilibrium  metal  speciation  is  attained  slowly  throtigh  a  series  of 
ligand  and  metal  exchange  reactions. 

Observations  of  slow  kinetics  of  coordination  reactions  in  model 
systems  demonstrate  that  re-equilibration  of  a  natural  system  undergoing 
perturbations  of  metal  or  ligand  concentrations  (under  natural  or 
analytical  conditions)  cannot  be  assumed  to  be  rapid.  This  study  also 
suggests  that  the  concentration  of  strong  complexing  agents  in  seawater 
may  be  underestimated  in  measurements  of  metal  complexation  that  involve 
metal  additions. 


17A 


INTRODUCTION 


Organic  complexation  of  metals,  particularly  copper,  is  ubiquitous 
in  natural  waters  (SUNDA  and  FERGUSON,  1983;  HERING  et  al . ,  1987;  SUNDA 
and  HANSON,  1987;  MOFFETT  and  ZIKA,  1987;  CABANISS  and  SHUMAN,  1988; 
COALE  and  BRUIAND ,  in  press).  The  presence  of  organic  complexing  agents 
str'^ngly  influences  metal  reactivity  and  thus  biogeocheraical  processes 
such  as  metal  uptake  by  organisms  (SUNDA  and  GUILLARD,  1976;  ANDERSON 
and  MOREL,  1978;  ANDERSON  and  MOREL,  1982),  sorption  of  metals  onto 
surfaces  (DAVIS  and  LECKIE,  1978;  DAVIS,  1984),  or  metal  redox  reactions 
(WAITE  and  MORE!,,  1984;  STOVE.  1986;  T'TrTNC,  19S5)  .  In  cC.alytic^l 
measurements  of  metal  complexation,  in  the  study  of  biogeochemical 
processes  in  the  presence  of  natural  or  synthetic  ligands,  and  in 
modeling  the  interactions  of  metals  with  naturally-ocurring  complexing 
agent  (TURNER  et  al . ,  1985;  FISH  et  al ,  1986,  DZOMBAK  et  al .  1986; 
CABANISS  and  SHUMAN,  1988),  equilibrium  (or  pseudo-equilibrium)  between 
complexing  agents  and  dissolved  metal  species  and  rapid  re-equilibration 
of  the  system  after  any  perturbation  of  metal  speciation  have  been 
assumed . 

These  assumptions,  however,  are  not  valid  in  complex  systems 
containing  mixtures  of  competing  ligands  and  metals.  In  such  cases,  as 
is  shown  in  this  paper,  slow  attainment  of  equlibrium  metal  speciation 
is  observed  when  the  system  is  perturbed  by  addition  of  either  metals  or 
ligands.  The  reaction  of  strong  ligands  with  transition  metals  is 
kinetically  hindered  in  the  presence  of  calcium  at  seawater 
concentrations.  Thus,  kinetically  labile  weak  ligands  react  initially 
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with  the  metal.  In  the  resulting  pseudo-equilibrium,  metal  speciation 
is  dominated  by  the  weak  rather  than  the  strong  ligands.  Subsequent 
re-equilibration  to  give  the  thermodynamically  favored  strong 
ligand-metal  complex  proceeds  slowly  through  a  series  of  metal  and 
ligand  exchange  reactions. 

If  the  rates  of  metal  coordination  reactions  in  seawater  are  indeed 
slow,  then  the  study  of  biogeochemical  processes  must  consider 
explicitly  the  effect  of  complexation  kinetics  on  the  overall  rates  of 
such  processes.  In  addition,  rates  of  re-equilibration  of  complex 
systems  hav“  important  implications  for  analytical  measuremeucs  of  metal 
complexation  in  which  natural  water  samples  are  commonly  perturbed  by 
the  addition  of  metals  or  synthetic  ligands.  An  accurate  estimation  of 
the  rates  of  metal  coordination  reactions  in  natural  waters  is  required 
to  understand  and  predict  changes  in  metal  reactivity  in  such  systems. 

BACKGROUND 

The  theory  of  coordination  reaction  kinetics  has  been  extensively 
reviewed  and  empirical  reaction  mechanisms  and  rate  constants  have  been 
compiled  by  MARGERUM  et  al.  (1978).  The  rate  of  reaction  of  transition 
me  als  with  protonated  or  free  ligand  species  is  predominantly 
controlled  by  water-loss  from  the  inner  coordination  sphere  of  the  metal 
(EIGEN  and  WILKINS,  1965).  The  reactions  of  alkaline  earth  ligand 
complexes  with  transition  metals  have  also  been  studied  and  have  been 
shown  to  proceed  both  through  a  dissociative  mechanism  and  by  direct 
attack  of  the  incoming  metal  on  the  alkaline  earth-ligand  complex  (CARR 
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and  SWARTZ^AGER,  1975,  KUEMPEL  and  SCHAAP,  1968,  HERING  and  MOREL, 


submitted  (a)).  For  example,  omitting  protonated  species  for 
simplicity , 

Cu  +  CaL  - ►  CuL  +  Ca 

dissociative  mechanism:  direct  attack: 

CaL  -  Ca  +  L  CaL  +  Cu  — -  CaLCu  - ►  Ca  +  CuL 

L  +  Cu  - ►  CuL 

Previous  results  in  this  laboratory  (HERING  and  MOREL,  submitted  (a)) 
have  shown  thrt  the  rate  of  copper  complexation  by  EDTA 
(ethylenediaminetetraacetic  acid)  is  dramatically  decreased  in  the 
presence  of  seawater  concentrations  of  calcium.  This  kinetic  hindrance 
occurs  because  of  direct  competition  between  calcium  and  copper  for  the 
free  (or  protonated)  ligaud  species  produced  as  an  intermediate  in  the 
dissociative  mechanism  and  also  because  the  direct  attack  of  copper  on 
the  calcium  complex  is  very  slow  compared  to  its  reaction  with  free  or 
protonated  ligand  species. 

In  this  study,  we  examine  the  effect  of  alkaline  earth  metals  on 

reactions  of  competing  ligands  with  a  transition  metal.  The  strong 

ligand,  L^ ,  has  a  highcT'  affinity  for  both  transition  and  alkaline  earth 

metals  than  the  weak  ligand,  L  ,  (i.e.-  K„  ,  »  K„  ,  and  K„  » 

^  w  CaL  CaL  CuL 

s  w  s 

) .  In  the  presence  of  calcium,  the  reaction  with  the 
w 

thermodynamically  favored  ligand  L^  is  kinetically  hindered  and  thus  the 
initial  distribution  of  metal-ligand  species  is  far  from  equilibrium: 


CaL  +  CaL  — ^  CuL  +  CaL  +  CaL 
w  s  w  w  s 

\ 

CaL  +  CuL  +  CaL  [if  (Cu)<(L  )]  CaL  +  CuL  +  CuL  [if  (Cu)>(L  )] 

W  S  S  S  W  W  S 

The  time  over  which  the  equilibrium  species  distribution  is  attained 

will  depend  on  the  extent  of  the  kinetic  hindrance  of  the  initial 

reaction  of  Cu  with  the  strong  ligand  L^  and  on  the  rate  of  exchange  of 

CaL  with  CuL  . 
s  w 


MATERIALS  AND  METHODS 

All  reagents  were  analytical  grade  and  most  were  used  without 
further  purification.  Aldrich  humic  acid  and  Suwannee  Stream  humic  acid 
(obtained  from  the  U.S.  Geological  Survey)  were  cleaned  by 
re-precipitation  from  acid  solution  (HERING  and  MOREL,  submitted  (b)). 
The  structure  of  the  fluorescent  reagent  calcein  (Sigma)  and 
fluorescence  quenching  by  copper  have  been  described  elsewhere  (WALLACH 
and  STECK,  1963;  PRIBIL,  1982;  SAARI  and  WEITZ,  1984).  All  experiments 
were  conducted  in  acid-cleaned  glass  or  polypropylene  and  care  was  taken 
in  handling  solutions  to  minimize  trace  metal  contamination. 

Kinetic  experiments 

The  kinetics  of  metal  complex  formation  and  ligand  exchange 
reactions  were  followed  either  by  observing  changes  in  inorganic  copper 
concentrations  by  amperometric  measurements  or  by  following  changes  in 
the  concentration  of  metal-ligand  complexes  by  fluorescence 
measurements . 
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Amperometr ic  measurements .  Reaction  of  calcium  complexes  of  NTA 
(nitrilotriacetic  acid)  and  EDTA  with  copper  were  followed  by  measuring 
inorganic  copper  concentration  over  time.  The  mixture  of  ligands  was 
pre-equilibrated  with  0.01  M  Ca.  At  t-0,  an  aliquot  of  the  pre-formed 
Ca- ligand  complexes  was  added  to  copper  in  electrolyte  solution  (0.5  M 
NaCl,  0.01  M  CaCl2 ,  0.002  M  NaHCO^)  pre-equilibrated  with  the  electrode 
system.  Inorganic  copper  concentrations  were  determined  from 
amperometric  measurements  of  the  reduction  of  Cu(II)  to  Cu(I)  at  90  mV 
(relative  to  Ag/AgCl)  as  described  in  HERING  et  al .  (1987)  and  HERING 
and  MOREL  (submitted(a) ) .  The  theory  and  application  of  the  method 
(WAITE  and  MOREL,  1983)  and  the  electrode  system  (MATSON  et  al.,  1977) 
have  been  described  in  detail. 

Fluorescence  measurements .  Fluorescence  was  measured  with  a 
Perkin- Elmer  LS-5  fluorescence  spectrophotometer  in  1  cm  quartz 
cuvettes.  Fluorescence  signals  were  integrated  over  8  sec  and  then 
averaged  over  1  min  for  each  reading.  Measurements  were  made  at  the 
following  excitation/emission  wavelengths  (slit  width  5  nm) :  492/511  nm 
(calcein) ,  485/540  nm  (Aldrich  humic  acid) ,  344/466  nm  (Suwannee  Stream 
humic  acid) . 

Ligand  exchange  experiments  were  conducted  either  by  adding 
aliquots  of  concentrated  EDTA  solutions  to  mixtures  of  calcein  and 
copper  in  background  medium  of  0.1  M  NaCl,  0.005  M  HEPES 
(N- 2 -hydroxyethylpiperazine -N ' -2 -ethanesulphonic  acid)  buffer  with  0  or 
0.01  M  CaCl2  (pH  =  7.3)  or  by  adding  aliquots  of  copper  to  mixtures  of 
ligands  (either  calcein/EDTA  or  humic  acid/EDTA)  in  the  same  background 
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medi  ’Ain . 


For  experiments  involving  additions  of  EDTA  to  solutions 


containing  0.01  M  Ca,  EDTA  was  added  as  tlie  calcium  bound  form  (i.e.- 
EDTA  was  pre - equilibrated  with  equimolar  Ca) . 

For  both  calcein  and  humic  acids,  fluorescence  is  linearly  related 
to  concentration  (over  the  concentration  range  of  interest) .  For 
calcein,  at  the  ligand- to-metal  ratios  used,  fluorescence  quenching  is 
directly  proportional  to  copper-binding.  The  quenching  of  natural  humic 
acid  fluorescence  is  also  related  to  copper  binding  as  has  been  shown  by 
comparisons  of  ion-selective  electrode  and  fluorescence  quenching 
measurements  in  metal  titration  experiments  (SAAR  and  WEBER,  1980;  RYAN 
and  WEBER,  1982;  FISH,  1984;  CABANISS  and  SHUMAN,  1986). 

RESULTS 

As  shown  in  our  previous  work,  the  rate  of  reaction  of  EDTA  with 
copper  is  markedly  decreased  in  the  presence  of  calcium.  In  seawater, 
the  (pseudo  first  order)  half-life  for  copper  reacting  with  EDTA  is  -2  h 
at  100  nM  EDTA.  Figure  1  shows  the  effect  of  addition  of  pre-formed 
calcium  complexes  of  NTA  and  EDTA  to  inorganic  copper  at  seawater 
calcium  concentrations.  The  concentration  of  inorganic  copper  is 
quickly  decreased  to  the  level  calculated  for  equilibrium  with  CaNTA 
alone,  essentially  behaving  as  though  no  EDTA  were  present.  The 
subsequent  slow  decrease  in  inorganic  copper  concentration  is  consistent 
with  reaction  of  the  remaining  inorganic  copper  with  CaEDTA.  Thus  the 
kinetic  hindrance  to  reaction  of  Cu  with  CaEDTA  results  in  an  initial 
distribution  of  metal-ligand  species  in  which  copper  is  complexed  by  the 
weaker  rather  than  the  stronger  ligand. 
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Figure  1.  Concentration  of  inorganic  copper  over  time  after  addition  of 

62.5  nM  CaNTA  and  100  nM  CaEDTA  at  t-0 .  (^)  Cu.  .  -  37.5 

init 

nM.  Electrolyte:  0.5  M  NaCl,  0.01  M  CaCl2 ,  0.002  M  NaHCO^. 

( — )  equilibrium  concentration  of  inorganic  copper 
calculated  with  NTA  only.  In  the  final  equilibrium,  copper 
is  calculated  to  be  »  100%  organically  complexed. 


131 


(j^|u)nQ  omoSjoui 


Ligand  exchange  reactions  were  followed  by  using  a  fluorescent 
complexing  agent,  calcein;  calcein  fluorescence  is  quenched  on  binding 
to  copper.  The  rate  of  exchange  of  copper  from  calcein  to  EDTA  is  very 
significantly  decreased  by  calcium.  Even  at  micromolar  EDTA 
concentrations,  the  exchange  reaction  in  the  presence  of  calcium  occurs 
on  a  time  scale  of  hours  to  days  (Fig.  2a, b) .  Addition  of  copper  to  a 
mixture  of  the  two  ligands  (pre-equilibrated  with  calcium)  results  in  an 
initial  reaction  predominantly  with  calcein  (even  with  EDTA  in  40-fold 
excess)  followed  by  slow  exchange  to  give  the  thermodynamically  favored 
CuEDTA  complex  (Fig.  2b) . 

A  similar  effect  is  observed  on  the  addition  of  copper  to  a  mixture 
of  humic  acids  and  EDTA.  In  this  case,  quenching  of  the  natural 
fluorescence  of  the  humic  acids  is  used  as  a  qualitative  measure  of 
copper  binding.  No  fluorescence  quenching  is  observed  upon  addition  of 
copper  to  the  humic  acid/EDTA  mixture  in  the  absence  of  calcium 
indicating  fast  formation  of  CuEDTA.  In  the  presence  of  calcium, 
however,  copper  reacts  initially  with  the  humic  acid  (as  shown  by  the 
immediate  decrease  in  fluorescence)  followed  by  a  slow  exchange  with 
CaEDTA.  This  effect  is  observed  for  both  commercial  (Fig.  3)  and 
Suwannee  Stream  (Fig.  4)  humic  acids. 

DISCUSSIOH 

Modeling  metal  coordination  reaction  kinetics 

■’’he  exchange  reaction  between  Cu-humate  and  CaEDTA  may  be  modeled 
by  assuming  pseudo-equilibrium  between  Cu  and  huraate  ligands  and 
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Figure  2.  Ligand  exchange  experiments  with  calcein  (a  fluorescent 

complexing  agent) ,  EDTA,  and  Cu  (50  nM  total  calcein,  30  nM 
total  Cu  in  0.1  M  NaCl,  5mM  HEPES ,  pH=7.28)  (a)  addition  of 
lO^M  EDTA  at  t— 0  to  pre- formed  Cu- calcein  complex  (A  )  no 
Ca,  (O)  0.01  M  Ca  (b)  addition  of  2  /iM  EDTA  at  t=0  to 
pre-formed  Cu-calcein  complex  (A  )  no  Ca,  (O)  0.01  M  Ca; 
(□)  addition  of  Cu  at  t-0  to  calcein  and  EDTA 
pre-equilibrated  with  0.01  M  Ca. 
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Figure  3.  Ligand  exchange  experiments  with  Aldrich  humic  acid  (5.11 
mg/L  humic  acid,  total  EDTA  2  ^M,  total  Cu  2  in  0.1  M 
NaCl,  5  mM  KEPES ,  pH-  7.35).  (a)  no  Ca  (b)  0.01  M  Ca. 

Symbols:  (D.O)  Cu  added  at  t-0  to  mixture  of  humic  acid  and 
EDTA,  (O)  humic  acid  and  EDTA,  no  Cu,  (A)  humic  acid  and 
Cu ,  no  EDTA . 
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Figure  4.  Ligand  exchange  experiments  with  Suwannee  Stream  humic  acid 
(4.94  mg/L  humic  acid,  total  EDTA  2  /iM,  total  Cu  2  pM  in  0.1 
M  NaCl,  5  mM  HEPES ,  pH-  7.39).  (a)  no  Ca  (b)  0.01  M  Ca. 
Symbols:  (□  ,0)  Cu  added  at  t-0  to  mixture  of  humic  acid  and 
EDTA,  (O)  humic  acid  and  EDTA,  no  Cu,  (A)  humic  acid  and 

Cu,  no  EDTA.  ( - )  calculated  %free  humate  based  on 

constants  in  Table  I  and  model  described  in  the  Appendix. 
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reaction  of  inorganic  Cu  with  CaEDTA  (see  Appendix) .  The  %free  humate 
over  time  was  predicted  for  the  reaction  of  Cu  with  Suwannee  Stream 
humic  acid  and  EDTA  for  conditions  of  Fig.  4b  (5  mg/L  humic  acid,  2  /iM 
Cu,^ ,  2  EDTA,j,,  0.01  M  Ca.^,,  pll=  7.4)  using  equilibrium  constants  for 
Cu-binding  by  humic  acid  (modeled  as  discrete  ligand  sites)  based  on  Cu 
titrations  of  Suwanee  Stream  humic  acid  (HERING  and  MOREL,  submitted 
(b))  and  kinetic  constants  for  reaction  of  CaEDTA  with  inorganic  Cu 
(HERING  and  MOREL,  submitted  (a))  (Table  I). 

The  calculated  %free  humate  is  in  agreement  with  the  observed 
%f luorescence  (Fig.  4b).  Thus  at  high  metal-to-humate  loading,  ligand 
exchange  reactions  may  be  modeled  without  any  direct  attack  of  EDTA 
species  on  humate -bound  copper  consistent  with  the  observations  of 
SHUMAN  and  co-workers  (SHUMAN  and  MICHAEL,  1978;  SHUMAN  et  al . ,  1983; 
OLSON  and  SHUMAN,  1983). 

This  model  for  the  ligand  exchange  reaction  between  humate-bound 
copper  and  CaEDTA  may  also  be  applied  to  conditions  that  are  not 
experimentally  accessible.  Figure  5  shows  model  predictions  for  lower 
Cu  and  EDTA  concentrations  and  lower  Cu-to-humate  loading  (1  mg/L  huitiic 
acid,  10  nM  Cu.^,,  20  nM  EDTA.^,,  0.01  M  Ca^,  pH=8 . 2 ,  equilibrium  and 
kinetic  constants  given  in  Table  II).  In  this  case,  the  back  reaction 
of  CuEDTA  is  included  to  allow  the  system  to  reach  equilibrium. 
Equilibrium  is  attained  in  approximately  1  year.  The  slow  progress  of 
this  reaction  is  due  to  the  low  inorganic  Cu  concentration  available  ^  ^r 
reaction  with  CaEDTA  when  strong  humate  binding  sites  are  in  excess  of 
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total  copper. 


TABLE  I.  Constants  used  In  modeling  Fig. 4  b. 


ligand  site 

total  cone. 

log  Cu  stability  con.ctant 

Huml 

2.50x10'^  M 

10.2 

,  -6 

8.4 

Hum2 

1.00x10  M 

5.8 

Hum3 

9.00x10  M 

,  CaEDTA  t  on 

-  7 . 20x10  M  min 
Cu 


Vf 

[  These  values  are  for  conditional  stability  constants  for  the  humate 

2+ 

"ligands"  with  inorganic  Cu  (for  pH  -  7.4,  inorganic  Cu  »  Cu  ).l 
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Figure  5.  Results  of  the  pseudo-equilibrium  model  for  reaction  of 

Cu-humate  with  CaEDTA  showing  calculated  concentrations  of 

CuEDTA  ( - )  and  Cu-humate  species  ( - )  CuHuml,  (...)  CuHum2 

for  total  Cu-  10  nM,  total  EDTA-  20  nM,  1  mg/L  humic  acid, 
0.01  M  Ca,  pH-  8.2,  constants  given  in  Table  II. 
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Table  II.  Constants  used  in  modeling  Fig.  5. 


ligand  site  total  cone.  log  Cu  stability  constant 


Huml 

5.00x10'®  M 

9.6 

Hura2 

2.00x10'^  M 

00 

Hum  3 

1.80x10'®  M 

5.2 

k 

k 


CaEDTA 

Cu 

CuEDTA 

Ca 


5.82  X  10^  M'^min* 
4.62  X  10  ^  M  ^min 


[  These  values  are  for  conditional  stability  constants  for  the  humate 
"ligands"  with  inorganic  Cu  (for  pH  -  8.2,  inorganic  Cu  «  10^’^  Cu^"'’)  .  ] 
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In  the  calculation  for  Fig.  5,  the  discrete  ligand  representation 
of  Cu-humate  binding  is  used  only  to  define  the  pseudo -equilibrium 
concentration  of  inorganic  Cu.  Such  a  pseudo-equilibrium  description  is 
obviously  insufficient  to  model  the  progress  of  metal  coordination 
reactions  upon  addition  of  Cu  to  the  system.  If,  as  a  hypothetical 
case,  the  discrete  ligand  model  is  taken  to  describe  actual  humate 
Cu-binding  sites,  the  initial  reaction  may  be  modeled  by  explicitly 
describing  the  formation  (and  dissociation)  of  Cu-humate  species  over 
.some  initial  time  and  imposing  the  pseudo-equilibrium  condition  at  later 
times  (as  described  in  the  Appendix) .  Results  of  this  model  are  shown 
in  Fig.  6.  In  this  model,  the  formation  rates  for  all  Cu-humate  species 
(CuHuinl,  CuHum2 ,  and  CuHum3)  are  taken  to  be  equal  (k^  -  lO^M  ^sec  ^) 
and  dissociation  rate  constants  for  each  Cu-humate  complex  are  inversely 
proportional  to  their  equilibrium  stability  constants.  Thus  the  initial 
formation  of  Cu-humate  species  is  determined  by  the  concentrations  of 
the  free  humate  "ligands"  and  the  initial  reaction  of  Cu  occurs  at  the 
weakest  (most  abundant)  site.  The  time  scale  over  which 
pseudo-equilibrium  between  Cu  and  humate  species  is  attained  is 
determined  by  the  rate  constant(s)  for  formation  of  Cu-humate  species. 

In  this  example,  such  pseudo -equilibrium  is  attained  in  a  few  minutes. 
Figure  6  b  shows  the  log  of  the  inorganic  Cu  concentration  over  time. 

The  shape  of  the  curve  reflects  the  change  in  Cu  speciation  over  time  as 
the  reaction  progresses  toward  the  complexation  of  Cu  by  the  stronger 
sites  or  ligands.  Since  the  inorganic  Cu  concentration  is  quickly 
decreased  by  initial  reaction  with  the  humic  acid,  further  progress  of 
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Figure  6.  Model  of  the  initial  reaction  of  Cu  with  humic  acid  and 
CaEDTA  followed  by  pseudo-equilibrium  exchange  between 
Cu-humate  and  CaEDTA  showing  (a)  calculated  concentrations  of 
inorganic  Cu,  Cu-humate  species  and  CuEDTA  as  a  function  of 
the  logarithm  of  time  (in  minutes)  for  the  reaction  of 
10  nM  Cu  with  20  nM  EDTA  and  1  mg/L  humic  acid  (0.01  M  Ca, 
pH  -  8.2,  constants  given  in  Table  II)  (b)  logarithm  of  the 
inorganic  Cu  concentration  as  a  function  of  the  logarithm  of 
time  for  the  same  conditions. 
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log  (CUj^)  concertrotion  (xIO®  M) 


1  Mc  1  min  1  h  1  d  1  wk  1  yr 


log  [time  (min)] 


H - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 

-6  -4  -2  0  2  4  6 


log  [time  (min)] 
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the  reaction  (i.e.-  with  strong  ligands)  may  not  be  detectable  by 
measurement  of  free  or  inorganic  Cu  if  these  species  are  already  at  or 
near  the  detection  limit  of  the  measurement  techniques  (regardless  of 
complications  due  to  the  time  scale  of  the  reaction) , 

Rates  and  mechanisms  of  coordination  reactions 

The  experimental  results  with  model  systems  clearly  show  that  when 
complex  systems  are  perturbed  by  addition  of  either  metal  or  ligands 
re-equilibration  of  metal  speciation  may  be  slow.  In  the  reactions 
examined  above,  the  slow  attainment  of  equilibrium  speciation  is  due  to 
several  factors.  In  systems  with  several  competing  metals  and  ligands, 
different  kinetic  reactivity  of  the  ligands  results  in  an  initial 
pseudo-equilibrium  condition  in  which  the  distribution  of  metal  species 
is  far  from  the  equilibrium  distribution.  Metal  speciation  is  initially 
dominated  by  the  weaker  ligands.  The  reaction  pathways  from  the  inital 
pseudo-equilibrium  to  the  final  equilibrium  involve  a  series  of  metal 
and  ligand  exchange  reactions.  Thus  even  though  the  rate  constants  for 
many  of  the  reactions  involved  are  intrinsically  fast  (particularly  for 
formation  of  metal  complexes),  the  rate- limiting  steps  involved  in 
double  (i.e.-  both  ligand  and  metal)  exchange  reactions  may  be  quite 
slow.  The  overall  rate  of  formation  of  the  thermodynamically  favored 
complex  will  be  slowest  for  low  concentrations  of  the  metal  and  strong 
ligand  and  for  low  ratios  of  strong- to-weak  ligand  concentrations. 
Effects  of  different  metals 

In  this  study,  we  have  examined  reactions  of  a  single  transition 
metal,  Cu,  and  only  with  the  alkaline  earth  metal  Ca  as  a  competing 
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metal.  The  considerations  raised  in  this  paper,  however,  are  clearly 
applicable  to  reactions  of  other  metals  and  also  to  the  competitive 
interactions  of  transition  metals.  The  kii»otic  reactivity  of  metals  in 
metal  complex  formation  reactions  is  governed  by  the  rate  of  water- loss 
from  the  metal.  In  this  respect  Cu  is  one  of  the  most  reactive  of  the 
transition  metals.  For  kinetically  inert  metals  [Cr(lII)  and  to  a 
lesser  extent  Fe(III)  and  Ni(ri)]  much  longer  equilibration  times  would 
be  predicted.  Ligand  exchange  reactions  of  Ni-humate  species  have  been 
observed  to  occur  over  10  days  (LAVIGNE  et  al . ,  1987).  In  the  case  of 
competition  between  transition  metals,  predicted  double  exchange 
reactions  would  also  be  slower  than  the  competitive  reactions  of 
transition  and  alkaline  earth  metals  described  above,  largely  because 
the  dissociation  of  ;,rancition  metal  complexes  is  many  orders  of 
magnitude  slower  than  the  dissociation  of  alkaline  earth  metal 
complexes.  Although  a  detailed  discussion  of  transition  metal 
competition  is  beyond  the  scope  of  this  paper,  it  is  clear  that 
transition  metal-bound  ligands  in  complex  systems  will  respond  to  metal 
additions  even  more  sluggishly  than  alkaline  earth  metal-bound  ligands. 
Effects  of  ligand  speciation 

The  initial  ligand  speciation  in  a  natural  system  subject  to 
perturbation  will  determine,  to  a  large  extent,  the  pathway  for  and  rate 
of  equilibration.  The  decrease  observed  in  the  reactivity  of  EDTA  is 
due  to  the  predominance  of  the  calcium  complex  in  EDTA  speciation  and  to 
the  intrinsic  rate  constants  for  the  reaction  of  the  calcium  complex. 

For  humic  acids,  calcium  and  copper  do  not  appear  to  compete  for  the 
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same  binding  sites  (HERING  and  MOREL,  submitted  (b))  and  thus  the 
kinetic  reactivity  of  humic  acids  toward  copper  is  not  influenced  by  the 
presence  of  calcium  (HERING  and  MOREL,  submitted  (a)).  Competitive 
effects  on  humate -binding  have  been  observed  for  the  transition  metals 
Cd  and  Cu  (FISH,  1984).  Thus  the  kinetic  reactivity  of  humic  acids  to 
added  metals  will  be  influenced  by  the  initial  ligand  speciation  and 
particularly  by  the  presence  of  pre-existing  transition  metal-humate 
complexes . 

Analytical  considerations 

Observations  of  slow  coordination  reactions  in  model  systems  and 
predictions  of  the  rates  of  such  reactions  at  Cu-to-humate  loadings 
reasonable  for  natural  waters  suggest  kinetic  artifacts  that  might 
affect  determinations  of  Cu  complexation,  particularly  in  seawater.  The 
measurement  of  metal  complexation  through  metal  titrations  (typical 
equilibration  times  of  minutes  to  hours)  demonstrates  the  rapid 
formation  of  metal  complexes  with  at  least  some  natural  complexing 
agents.  Kinetic  experiments  with  humic  acids  and  EDTA  suggest  that 
strong  complexing  agents  in  seawater  may  be  underestimated  by 
metal -  into- ligand  titrations.  Certainly  EDTA  itself,  which  has 
extensive  industrial  applications  (MEANS  et  al.,  1980)  and  has  been 
measured  in  rivers  (GARDINER,  1976)  and  groundwater  (MEANS  et  al . , 

1978),  would  not  be  detectable  by  metal- into-ligand  titrations.  The 
question  remains  whether  some  natural  complexing  agents  may  also  be 
undetectable,  because  of  the  time  scale  and  the  sensitivity  of 
metal -into- ligand  titration  techniques.  Analytical  methods  involving 


addition  of  ligands  (e.g.-  MOFFETT  and  ZIKA,  1987;  SUNDA  and  HANSON, 


1987)  should  also  be  carefully  scrutinized  for  artifacts  due  to  slow 
kinetics  of  coordination  reactions. 

CONCUUSIONS 

Slow  equilibration  was  observed  on  the  addition  of  copper  to  a 
mixture  of  natural  and  synthetic  ligands  in  the  presence  of  calcium  at 
seawater  concentrations.  These  observations  are  consistent  with 
predictions  from  theory  and  show  that  some  strong  ligands  may  be 
undetectable  in  metal  -  into- ligand  titrations  of  seawater  samples. 

In  natural  systems  undergoing  perturbations  of  metal  speciation,  it 
is  possible  that  different  ligands  dominate  metal  speciation,  i.e.- 
buffer  free  metal  ion  concentration,  immediately  after  such  perturbation 
and  on  longer  time  scales.  Such  slow  equilibration  would  result  in 
short-term  non-equilibrium  effects,  for  example,  increased  metal 
toxicity  or  chemical  reactivity. 

Generally,  these  results  demonstrate  that  the  assumption  of  rapid 
equilibration  of  ligands  and  metals  in  natural  or  laboratory  systems 
with  low  concentrations  of  metals  and  ligands  and  seawater  calcium 
concentrations  is  not  valid.  In  particular,  the  effects  of  ligand 
speciation,  the  presence  of  competing  metals,  and  possible  reaction 
pathways  should  be  considered  in  estimating  the  time  scale  over  which 
equilibrium  speciation  will  be  reached. 
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APPENDIX-  Kinetic  models 
Terms  and  Definitions 

Cu^  total  copper  concentration 

HumX^  total  concentration  of  humate  binding  site  X  (X— 1-3  for  3 

ligand  site  types) 

(HumX)^  concentration  of  free  humate  binding  site  X  at  time  -  t 

(CuHumX)^  concentration  of  Cu-bound  humate  site  X  at  time  —  t 

K^  conditional  stability  constant  for  binding  of  inorganic  Cu 

at  humate  binding  site  X  (X-  1-3) 
stability  constant  for  CuEDTA  complex 
stability  constant  for  CaEDTA  complex 
overall  rate  constant  for  metal  exchange  reaction  of 
inorganic  Cu  with  CaEDTA  (at  given  pH  and  total  Ca) 
overall  rate  constant  for  metal  exchange  reaction  of 
Ca  with  CuEDTA  (at  given  pH  and  total  Ca) 
rate  constant  for  formation  of  Cu  complex  with  humate 
binding  site  X  (X-  1-3) 

rate  constant  for  dissociation  of  Cu  complex  with  humate 
binding  site  X  (X-  1-3) 

Pseudo- equilibrium  model 

2+ 

In  this  model,  free  Cu  concentration  is  taken  to  be  controlled  by 

pseudo-equilibrium  with  the  humic  acid  (described  as  3  discrete 

ligands) .  Initially, 

*  2+ 

for  Cu  -  Cu  +  inorganic  Cu  complexes 


CuEDTA 

'Ca 


fx 
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Cu^  -  (Cu  )  +  (CuHuml)  +  ('''iHuni2)  +  (CuHuni3) 


(Cu*) 


Cu„ 


1  +  Huml^ 


+  K-  Hum2^ 
2  T 


1+  (Cu  ) 


1+  (Cu  ) 


K3  Huin3^ 

1  +  (Cu*) 


and  (CuEDTA)  -  0. 

o 

The  concentration  of  EDTA  species  over  time  is  described  by 

raFHTA  "k 

(CuEDTA)  -  (CuEDTA)  +  [  v  (CaEDTA)^  (Cu  )}  At 

t+At  t  Cu  t  t 

(CaEDTA)^^^^  -  (CaEDTA)^  +  (CaEDTA)^  (Cu*)^]  At. 

For  the  reaction  proceeding  to  equilibrium  a  term  for  the  back-reaction 

CuEDTA 


of  CuEDTA  is  included.  The  rate  constant  for  the  back- reaction,  k 


Ca 


is  calculated  from  the  forward  rate  constant  and  the  Cu  and  Ca-EDTA 
stability  constants.  Thus 


.CuEDTA  ,  CaEDTA  ,  „ 

Ca  ”  Cu  ‘^CaEDTA  '  CuEDTA 


and 


(CuEDTA)^^^^  -  (CuEDTA)^  +  [k^®^^^^(CaEDTA) ^ (Cu*) ^  CuEDTA)^] At 

C'tAC  c  Cu  c  c  c&  u 

The  back- reaction  term  is  also  included  in  the  expression  for  CaEDTA. 

★ 

The  Cu  concentration  over  time  is 


(Cu*). 


;+At 


C-T  - 


1+ 


Kj^Huml,j, 

l+K^(Cu*)^ 


K2Hum2,j. 

1+K2(Cu*)^ 


K3Hum3,j, 

1+K3(Cu*)^ 


The  concentrations  of  humic  acid  species  over  time  are: 


(HumX) 


t+At 


HumX,j, 


^  ^  ^t+At 


(CuHumX)^^^^  -  (Cu  )^^^^ 


2D7 


for  the  3  ligand  site  types  (X  -  1-3)  with  total  concentrations  and 
conditional  stability  constants  given  in  Tables  I  and  II. 


Initial  reaction  model 

In  the  description  of  the  initial  reaction  on  addition  of  Cu  to  the 
humic  acid/EDTA/Ca  mixture,  the  reaction  of  inorganic  Cu  with  each 
humate  ligand  is  described  expicitly.  Then 

(Cu*)^^^^  -  (Cu*)^  +  ^-[k^j^(Huml)^+k^2(H’J™2)^+k^2(Hum3)^]  (Cu*)^+ 

k^  (  CuHuml )  ^+^2  ^  *^^^2 )  ^.+^3  ( CuHum3  )  ^  t 

and 

(HumX)^^^^  -  (HumX)^  +  [ -k^^(HumX)^(Cu*)^  +  k^^(CuHumX) At 

(CuHumX)^^^^  -  (CuHumX)^  +  [k^^(HuinX) ^(Cu*) ^  +  k^^(CuHuniX)^]At 

where  all  formation  rate  constants  for  the  reaction  of  inorganic  Cu  with 

8  - 1  - 1 

humate  species  are  taken  to  be  the  same  (1^^^  -  6  x  10  M  min  )  .  The 
dissociation  rate  constants  are  calcuated  such  that 

^x  ^fx  ^  ^CuHumX 

for  the  Cu-huraate  stability  constants  given  in  Table  II.  For  ease  of 
calculation,  pseudo-equilibrium  conditions  for  the  concentration  of 
CuHum3  are  imposed  after  0.02  min  as  described  in  (i)  above  and  the 
terms  involving  reaction  of  Hum3  and  CuHum3  are  eliminated  from  the 
equation  describing  the  concentration  of  inorganic  Cu  over  time. 
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CHAPTER  SEVEN 


SUMMARY 


This  thesis  addresses  several  questions  concerning  metal 
complexation  in  natural  waters,  questions  on  the  source  and  regulation 
of  natural  complexing  agents  and  on  the  nature  of  their  interactions 
with  metals.  Both  the  thermodynamics  and  kinetics  of  metal -humate 
interactions  are  examined. 

CHAPTER  2:  Some  Effects  of  Biological  Actvity  on  Complexation  of  Copper 
Copper  complexing  agents  are  produced  in  phytoplankton  cultures. 

In  incubation  studies  of  natural  water  samples,  the  extent  of  copper 
complexation  is  affected  by  biological  cycling.  The  observed  changes  in 
copper  complexation  are  consistent  with  ligand  production  associated 
with  phytoplankton  photosynthetic  activity  and  loss  of  ligands  by 
microbial  degradation.  In  the  field,  strong  correlations  between 
phytoplankton  abundance  or  photosynthetic  activity  and  copper 
complexation  was  not  observed.  However,  in  the  coastal  ponds  studied, 
biological  cycling  of  natural  complexing  agents  may  be  obscured  by  the 
contribution  of  refractory  ligands,  such  as  humic  acids,  to  the  observed 
copper  complexation,  by  mixing  of  pond  waters  with  coastal  seawater,  or 
by  the  natural  balance  between  biological  production  and  degradation 
(resulting  in  overall  steady-state  level  of  copper  complexation). 
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CHAPTER  3:  Humic  Acid  Complexation  of  Calcium  and  Copper 

Information  on  the  structure  of  natural  ligands  and  on  the 
physical-chemical  nature  of  metal-ligand  interactions  cannot  be  deduced 
from  models  of  metal -ligand  binding  because  none  of  the  models  provide  a 
unique  representation  of  the  observed  interactions.  The  combined 
information  from  individual  metal  titrations  for  Ca  and  Cu  and  from  Cu 
titrations  in  the  presence  of  Ca  (as  a  competing  metal)  provide 
additional  constraints  to  modeling  metal-ligand  binding.  Although,  the 
individual  metal  titrations  can  be  modeled  by  metal  binding  at  discrete 
sites  (with  a  consistent  concentration  of  metal-binding  sites  per  weight 
humic  acid) ,  the  lack  of  competition  between  Ca  and  Cu  demonstrates  that 
both  metals  cannot  be  bound  at  the  same  sites.  Thus  metal  binding  at 
discrete  sites  must  involve  different  sites  for  alkaline  earth  and 
transition  metals  or  the  nature  of  binding  for  these  different  metals 
must  also  be  different. 

CHAPTER  4:  Kinetics  of  Trace  Metal  Complexation:  The  Role  of  Alkaline 
Earth  Metals 

In  seawater,  trace  metal  complexation  reactions  with  natural 
ligands  occur  perforce  in  the  presence  of  an  overwhelming  concentration 
of  competing  alkaline  earth  metals.  Experiments  with  the  model  ligands 
EDTA  and  NTA  show  that  the  rate  of  reaction  of  calcium-bound  ligands 
with  copper  is  governed  by  the  affinity  of  the  ligand  for  the  alkaline 
earth  metal.  The  dominant  pathway  for  the  metal -exchange  reaction  is 
affected  by  the  calcium  concentration  since  metal  exchange  through  a 
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dissociative  pathway  is  inhibited  at  high  calcium  concentrations  while 
the  interchange  pathway  is  unaffected  by  the  presence  of  calcium.  These 
considerations  apply  If  Ca  and  Cu  are  bound  at  the  same  sites.  For 
humic  acid,  no  effect  of  Ca  on  the  kinetics  of  Cu  complexation  was 
observed  consistent  with  the  lack  of  competition  in  metal  binding 
documented  in  Chapter  3 . 

CHAPTER  5:  Kinetics  of  Trace  Metal  Complexation:  Ligand  Exchange 
Reactions 

For  metals,  such  as  copper,  that  occur  in  natural  waters  as  organic 
complexes,  the  rate  of  biogeochemical  processes  will  be  influenced  by 
the  kinetics  of  complex  dissociation  and  ligand  exchange  reactions. 

This  chapter  investigates  the  rates  of  those  coordination  reactions 
(which  may  be  thought  of  as  precursor  reactions).  Experiments  with  the 
model  ligands  NTA  and  EDTA  demonstrate  that  both  dissociative  and 
interchange  pathways  are  involved  in  ligand  exchange  reactions  at 
environmental  ligand  and  metal  concentrations.  Both  of  these  mechanisms 
are  likely  to  be  important  in  the  reaction  of  Cu-humate  species  at  the 
Cu-to-humate  loadings  typical  of  estuarine  and  coastal  waters.  The  rate 
constants  for  the  dissociative  reaction  of  Cu-humate  species  provide 
information  on  the  concentration  of  Cu  binding  sites  and  on  the  affinity 
of  the  sites  for  Cu. 

CHAPTER  6:  Slow  Coordination  Reactions  in  Aquatic  Systems 

In  complicated  systems  (i.e.-  mixtures  of  competing  metals  and 
ligands),  the  overall  rates  of  the  "simple"  complexation  reactions 
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studied  in  chapters  4  and  5  are  dramatically  retarded.  In  the  presence 
of  a  mixture  of  ligands  and  metals,  the  apparent  complexation  reaction 
of  an  added  metal  occurs  through  a  series  of  double-  (i.e,-  metal-  and 
ligand-)  exchange  reactions.  Thus  strong  ligands  are  slow  to  react  due 
to  the  effect  of  competing  metals  and  the  initial  speciation  of  the 
metal  is  governed  by  the  weaker  ligands  in  the  system.  The  rate  of 
re-equilibration  of  metal  and  ligand  speciation  can  be  extremely  slow 
depending  on  the  concentrations  and  relative  proportions  of  the  reacting 
species . 
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APPENDIX  A 


A  FIELD  COMPARISON  OF  TWO  METHODS  FOR  THE  DETERMINATION  OF  COPPER 
COMPLEXATION :  BACTERIAL  BIOASSAY  AND  FIXED -POTENTIAL  AMPEROMETRY 

(co-authors;  W.G.  Sunda,  R.L.  Ferguson,  F.M.M.  Morel) 

ABSTRACT 

Complexation  of  copper  added  to  seawater  was  determined  by 
bacterial  bioassay  and  fixed-potential  amperometry.  Consistent  results 
were  obtained  by  these  two  fundamentally  different  methods.  The  results 
of  this  study  support  the  validity  of  both  techniques  and  the  field 
applicability  of  fixed-potential  amperometry. 

The  intercomparison  studies  were  performed  on  samples  collected  at 
the  N.Y.C.  sewage  sludge  dumpsite  and  in  relatively  unpolluted  coastal 
waters.  In  this  limited  study,  the  calculated  free  cupric  ion 
concentrations  at  eimbient  total  copper  concentrations  were  similar  at 
both  sites. 

INTRODUCTION 

Complexing  characteristics  of  natural  waters  have  been  determined 
for  several  transition  metals  (e.g.,  Cu,  Zn,  Fe,  Cd)  with  a  variety  of 
electrochemical,  chromatographic  and  bioassay  techniques  for  measuring 
"reactive"  and  "unreactive"  metal  fractions  (see  Table  II  for 

yp 

references) .  [  We  avoid  here  the  expression  "complexing  capacity"  which 

has  evolved  to  designate  some  elusive  total  ligand  concentration. ] 
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Copper  has  been  the  most  extensively  studied  metal  since  it  forms 
stronger  complexes  than  most  other  divalent  transition  metals  and  can  be 
analyzed  by  a  number  of  different  techniques. 

Measurements  of  copper  complexation  in  natural  waters  are  highly 
controversial.  All  available  techniques  are  subject  to  theoretical  or 
practical  limitations  and  most  researchers  view  existing  measurements  in 
seawater  as  qualitative  rather  than  quantitative  indications  of  copper 
speciation.  This  lack  of  confidence  is  exacerbated  by  the  inadequate 
validation  of  practically  all  techniques.  The  ability  to  measure  copper 
complexation  accurately  in  model  laboratory  systems  containing  well 
defined  complexlng  agents  is  a  necessary  (though  not  a  sufficient) 
attribute  of  any  acceptable  technique.  Yet,  the  most  often  used 
technique,  anodic  stripping  voltammetry  (ASV) ,  fails  to  measure  properly 
the  complexation  of  copper  and  other  metals  in  simple  NTA  solutions 
(Tuschall  and  Brezonik,  1981;  Shuman  et  al.,1982;  Goncalves  et  al., 

1987)  .  Even  for  those  techniques  that  seem  to  work  well  in  model 
systems,  the  jump  from  Cu-NTA  buffered  systems  to  natural  samples  is  a 
large  one.  The  acceptability  of  the  quantitative  results  cannot  be 
sustained  by  oceanographic  consistency  arguments  alone:  artifacts  are 
just  as  likely  as  actual  copper  speciation  to  be  correlated  with  broad 
physical,  chemical  or  biological  trends. 

Here  we  report  on  the  comparison  of  two  totally  different 
techniques,  utilized  side  by  side  to  measure  copper  complexation  during 
a  short  cruise  in  the  New  York  Bight.  Fixed  potential  amperometry  and 
bacterial  bioassay  have  each  been  shown  previously  to  provide  accurate 
measurement  of  copper  speciation  In  well  defined  laboratory  systems 
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(Waite  and  Morel.  1983;  Sunda  and  Ferguson,  1983).  In  addition,  each  of 

these  methods  has  been  successfully  compared  with  potentiometric 

measurements  in  freshwater  samples  containing  natural  chelating  agents 

and  relatively  high  copper  concentrations  (Fish  and  Morel,  1985;  Sunda 

et  al . ,  1984).  Although  potentiometric  measurements  undoubtedly  provide 

2+ 

the  most  reliable  measurement  of  copper  speciation,  the  use  of  Cu 
sensitive  electrodes  is  limited  to  total  Cu  concentrations  in  excess  of 
0.1  /iM  and  to  low  salinity  samples  -  see  Westall  et  al .  ,  1979. 

The  remarkable  agreement  we  report  here  between  amperometry  and 
bloassay  measurements  at  low  copper  concentrations  and  with  fresh 
natural  seawater  samples  does  much  to  enhance  our  confidence  in  the 
validity  of  the  measurements  and  to  justify  the  distinct  assumptions  on 
which  each  technique  is  based.  At  the  same  time,  we  point  out  that,  in 
their  present  state  of  development,  neither  of  these  methods  is 
sensitive  enough  to  measure  directly  the  actual  free  cupric  ion 
concentration  or  activity  in  seawater.  The  necessary  extrapolation 
provides  only  an  upper  limit  for  that  much  sought  after  parameter. 

MATERIALS  AND  METHODS 

Samples  were  collected  at  the  N.Y.C.  sewage  sludge  disposal  site  in 
the  N.Y.  Bight  at  Christiansen  Basin  (40°25'  N,  73°44’  W)  and  off 
Montauk  Point  (40°50'  N,  71°50'  W)  .  Both  stations  were  sampled  on  two 
days:  Montauk  Point  on  Feb.  7,  1984  and  Feb.  8,  1984  and  Christiansen 
Basin  on  Feb.  9,  1984  and  Feb.  11,  1984.  Sampling  occurred  between 
0800-1400  h.  Samples  were  taken  at  15-20  m  at  approximately  the  1% 
light  level.  The  Christiansen  Basin  site  was  not  sampled  during  sludge 
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dumping.  Samples  were  filtered  for  total  oopper  analysis  and  fixed- 
potential  amperometry  through  0.4  /im  Nuclepore  filters  under  positive 
pressure.  Precautions  were  taken  during  sampling  and  sample  handling  to 
avoid  trace  metal  contamination  as  described  by  Suiida  and  Ferguson 
(1983)  .  Total  copper  concentrations  were  determined  by  the  Co-APDC 
coprecipitation  method  described  by  Boyle  et  al .  (1981).  Total  copper 
measurements  were  made  on  filtered  samples  from  Montauk  Point  and 
Christiansen  Basin  and  on  one  unfiltered  sample  from  Christiansen  Basin 
(collected  Feb.  11).  Unfiltered  Montauk  Point  samples  were  not 
available  for  total  metal  analysis.  For  these  samples  total  copper  was 
assumed  to  equal  the  dissolved  concentration.  Based  on  previous 
measurements  of  dissolved  and  particulate  copper  in  coastal  waters, 
total  copper  should  be  only  slightly  underestimated  by  this 
approximation  (Huizenga  and  Kester,  1983).  Total  copper  concentration 
for  the  unfiltered  Feb.  9  Christiansen  Basin  sample  was  estimated  from 
the  measured  filterable  concentration  and  the  ratio  of  filterable/total 
copper  determined  for  the  Feb.  11  sample. 

Microbiological  parameters  determined  at  both  sites  included  the 
number  of  bacterial  cells  (assayed  by  acridine  orange  direct  counts 
(AODC))  and  the  abundance  of  colony  forming  units  (CFU) .  CFU  has  been 
used  as  an  index  of  the  abundance  of  bacteria  with  the  ability  to  grow 
rapidly  after  nutrient  enrichmerat  (Ferguson  et  al . ,  1984,  Torrella  and 
Morita ,  1981)  . 

Fixed-potential  Amperometerv 

Theory  and  application  of  measurement  of  inorganic  Cu(II) 


216 


concentration  by  fixed-potential  amperometry  in  high  chloride  medium 
have  been  described  by  Waite  and  Morel  (1983) .  The  current  produced  by 
the  reduction  of  Cu(II)  inorganic  species  to  Cu(I)  chloride  complexes  in 
the  vicinity  of  a  graphite  electrode  is  measured  at  90mV  (relative  to 
Ag/AgCl).  (NB  -  Che  concentration  of  Cu(I)  produced  in  the  bulk 
solution  is  negligible.)  The  current  is  integrated  (over  35  sec)  and 
corrected  by  subtracting  the  current  generated  (over  35  sec)  without 
stirring.  The  "unstirred  current"  Is  due  to  non-mass  transport-limited 
phenomena  (Matson  et  al . ,  1977).  Measurements  were  repeated  until 
electrode  response  stabilized  (-5-15  min). 

The  amperometric  measurements  were  made  with  an  Environmental 
Science  Associates  Model  3040  Charge  Transfer  Analyzer  equipped  with  a 
pyrolytic  graphite  working  electrode,  Pt  counterelectrode,  and  Ag/AgCl, 
saturated  NaCl  reference  electrode.  The  Charge  Transfer  Analyzer  and 
electrode  systems  have  been  described  in  detail  by  Matson  et  al .  (1977). 
Electrode  response  was  calibrated  using  an  organic- free  electrolyte 
solution  (0.5  M  NaCl,  0,01  M  CaCl2,  2mM  NaHCO^) .  Natural  water  smnples 
were  equilibrated  with  added  Cu  for  10  min  before  amperometric 
measurements.  Both  filtered  and  unfiltered  samples  were  titrated. 
Typical  titrations  are  shown  in  Figure  1. 

Bacterial  Bioassav 

Ihe  theory  and  application  of  free  cupric  ion  concentration 
measurements  by  bacterial  bioassays  have  been  described  by  Gillespie  and 
Vaccaro  (1978),  Sunda  and  Gillespie  (1979)  and  Sunda  and  Ferguson 
(1983).  The  technique  is  based  on  the  modulation  of  copper  toxicity  to 
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Figure  1.  (a)  Reproducibilty  of  amperometric  measurements  illustrated 

by  duplicate  titrations  of  an  aged  sample:  samples  collected 
at  Christiansen  Basin  (Feb.  9),  analyzed  (O)  Feb.  25, 

(□)  Feb.  28,  and  effects  of  filtration:  samples  collected  at 
Christiansen  Basin  (Feb.  11),  (A)  filtered,  (•)  unfiltered, 
(b)  Variations  in  copper  complexation  at  Montauk  Point: 
results  from  amperometric  titration,  (O)  Feb.  7, 

(A)  Feb.  8,  (□)  Feb.  7,  analyzed  Feb.  21. 
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C  'pper  (nM) 


aquatic  microorganisms  by  the  free  cupric  ion  concentration  (or 
activity).  In  this  study,  the  natural  bacterial  population  was  used 
(Sunda  and  Ferguson,  1983)  and  its  response  calibrated  with  Cu-NTA 
cupric  ion  buffers  (i.e.,  pre-equilibrated  solutions  of  CuSO^  and  NTA) . 

Subsamples  of  unfiltered  seawater  were  spiked  with  concentrated 
solutions  of  CuSO^  ±  NTA  (final  NTA  concentration  0,  1  or  A  fiH) .  After 

4  h  (4.5  h  for  Christiansen  Basin  samples),  1-2  nM  of  a  mixture  of 

3  14 

H- labelled  amino  acids  or  10  nM  of  C- labelled  glucose  «as  added. 

After  an  additional  hour  (0.5  h  at  Christiansen  Basin  due  to  the  higher 

in  situ  concentration  of  bacteria) ,  the  suspended  bacteria  were  killed 

with  formalin  and  collected  on  0.2  Nuclepore  filters.  Uptake  of 

labelled  substrate  was  determined  by  liquid  scintillation  counting  of 

the  filters.  The  data  were  corrected  for  blanks  obtained  by  adding 

formaldehyde  at  the  beginning  of  the  radiolabel  incubation  period. 

Data  Treatment 

2+ 

Free  cupric  ion  concentrations,  (Cu  ),  were  calculated  from 
amperometrlc  titration  and  bacterial  bioassay  data.  For  the 
amperometric  data,  measured  integrated  current  (stirred  -  unstirred 
response)  was  converted  to  reducible  copper  based  on  calibration  of 
electrode  response  in  an  organic  free  electrolyte  solution.  The  free 
cupric  ion  concentration  was  then  calculated  assuming  all  reducible 

copper  to  be  free  or  inorganically  complexed.  The  ratio  o  - 

2+  -14 

(Cu  )/( inorganic  Cu(II))  is  pH-dependent  and  equals  10  '  at  pH-8.2 

-1  2 

and  10  at  pH  -  8.0.  These  values  for  a  were  determined  by  biosssay 
and  from  inorganic  speciation  models  (Sunda  et  al . ,  1984).  A  pH  of  8.2 
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was  assumed  for  the  Montauk  Point  station  in  the  absence  of 
appropriately  calibrated  absolute  pH  measurements  at  the  Montauk  Point 
and  Christiansen  Basin  stations.  The  relative  difference  of  0.2  pH 
units  between  the  two  stations  was  measured  on  freshly  collected 
samples . 

2+ 

The  calculation  of  (Cu  )  from  bacterial  bioassay  data  is  somewhat 
intricate  and  has  been  described  in  detail  previously  (Sunda  and 
Ferguson,  1983)  . 

(1)  Data  for  uptake  of  radiolabeled  glucose  were  normalized  to  the 
maximum  value  at  the  same  NTA  concentration  (0,  1  /iM,  and  4  fM.)  to 
account  for  the  effect  of  the  chelator  by  itself.  (This  was  not 
necessary  for  uptake  of  amino  acids.) 

(2)  The  concentration  of  CuNTA  in  buffered  media  was  taken  to  equal 
the  total  copper  concentration  (at  given  total  NTA)  minus  the  total 
copper  concentration  at  which  equal  substrate  incorporation  occurred  in 
seawater  without  added  NTA  [as  shown  in  Fig.  2a,  (CuNTA  )  equals  total 
copper  at  point  B  minus  total  copper  at  Point  A].  Thus,  (CuNTA  )  equals 
the  copper  concentration  added  to  the  buffered  system  corrected  for 
copper  complexation  by  natural  ligands. 

(3)  The  response  of  the  natural  bacterial  populations  was 

2+ 

calibrated  by  calculating  (Cu  )  in  the  NTA  buffers  using  experimentally 
derived  values  for  (CuNTA  ) . 

(Cu^"^  -  (CuNTA’) 

K  -„(free  NTA) 
eff 

(free  NTA)  -  (Total  NTA)  -  (CuNTA* ) 


K 


eff 


10 


8.45 
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Figure  2 


(a)  Effect  of  additions  of  copper  and  cupric  ion  buffers 
(copper  and  NTA)  on  the  rate  of  incorporation  of 

tritium- labled  amino  acids  by  natural  bacterial  populations. 
Data  are  shown  for  seawater  collected  from  Christiansen  Basin 
(O)  no  NTA  added;  (A)  1  /iM  NTA  added;  (□)  4  NTA  added. 

(b)  Rate  of  amino  acid  incorporation  as  a  function  of  pCu  as 
determined  from  the  addition  of  (A)  1  /iM  NTA  and  (□)  4  /iM 

NTA  for  Christiansen  Basin;  ( - )  corresponding  curve  for 

Montauk  Point  (data  not  shown). 
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2+ 

(4)  Finally,  (Cu  )  was  obtained  for  each  addition  of  copper 
(without  NTA)  as  that  yielding  the  same  (relative)  uptake  of  label  as  in 
the  NTA  buffers  (i.e.,  in  Figure  2a  and  b,  the  pCu  at  point  A  is  the 
same  as  the  pCu  calculated  for  point  C). 

Modeling 

For  purposes  of  comparison,  the  copper  titration  curves  were 
modeled  assuming  complexation  by  discrete  ligands.  Although  the 
corresponding  stability  constants  (K^)  and  ligand  concentrations 
are  only  fitting  parameters  (Dzombak  et  al.,  1986;  Fish  et  al.,  1986), 
they  are  useful  for  extrapolating  the  data  to  ambient  copper 
concentrations  and  for  comparing  with  previous  studies. 

The  data  fitting  procedure  was  constrained  by  choosing  the  minimum 
number  of  (and  weakest)  ligands  required  to  fit  the  data.  Two  ligands 
were  necessary  such  that: 

CU.J,  -  (Cu^"^)  +  (Cu^"^)  +  K2  (Cu^"^) 

“  1  +  (Cu^"^)  1  +  K2  (Cu^"^) 

The  stability  constants  are  conditional  constants  for  a  given  pH  in 
seawater.  The  fitting  routine  FITEQL  (Westall,  1982)  was  used  to  obtain 
constants  and  ligand  concentrations. 

Interpretation  of  the  results  of  the  copper  titrations  are  subject 
to  two  principal  limitations.  Because  of  analytical  detection  limits, 
stability  constants  for  the  strong  ligands  cannot  be  unambiguously 
defined,  but  can  only  be  constrained  by  minimum  values.  Also,  as  is 
typical  of  such  titrations,  the  natural  ligands  were  never  completely 
titrated  (some  of  the  added  copper  was  always  measured  as  bound)  and  the 
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total  ligand  concentration  may  consequently  be  underestimated.  Free 
cupric  ion  concentrations  were  calculated  by  extrapolation  of  the  data 
to  ambient  total  copper  concentrations  with  the  derived  constants  and 
ligand  concentrations.  These  values  should  be  considered  upper 
estimates  of  the  actual  free  cupric  ion  concentration  in  the  samples. 

RESULTS 


Comparison  of  Methods 

The  central  result  of  this  study  is  the  remarkable  agreement 
between  the  two  sets  of  measurements .  As  seen  in  Figure  3 ,  the  free 
cupric  ion  concentrations  calculated  from  amperometric  titration  and 
bacterial  bioassay  data  at  known  total  copper  concentrations  are  the 
same  within  the  precision  of  the  data.  All  the  data  for  each  site  were 
combined  since  only  small  variations  were  observed  among  the 
amperometric  titrations  of  the  various  samples  (vide  infra) . 

In  samples  from  both  the  polluted  and  the  unpolluted  sites,  the 
ambient  free  cupric  ion  concentration  was  always  below  the  detection 
limit  of  either  technique.  Measurable  responses,  either  copper 
reduction  or  inhibition  of  substrate  uptake  by  bacteria,  were  only 
observed  on  addition  of  copper  (-10-20  nM)  to  samples. 

Variations  among  samples 

The  amperometric  data  shown  in  Fig.  3  were  obtained  with  samples 
collected  over  several  days  and  subject  to  some  differences  in  sample 
pretreatment  (i.e.,  filtration  and  length  of  storage  before  analysis). 
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Figure  3,  Cupric  ion  concentrations  derived  from  copper  titrations  as  a 

-1  4 

function  of  total  copper  at  (a)  Montauk  Point  (a  =  10  , 

-1  2 

salinity  32)  and  (b)  Christiansen  Basin  (a  -  10  '  ,  salinity 

31.8).  Solid  symbols,  bioassay  data:  (■)  1  pM  and  (♦)  4 
NTA  (glucose  used  in  bioassay,  Feb.  9  sample);  (A)  1  ;iM  and 
(■)  4  /iM  NTA  (amino  acids  used  in  bioassay  (a)  Feb.  7  sample 
and  (b)  Feb.  11  sample).  Open  symbols,  amperometry  data:  (a) 
(O),  (O)  filtered  Feb.  7  sample,  (□)  filtered  Feb.  8 
sample,  (V)  unfiltered  Feb.  8  sample  analyzed  Feb.  10; 

(b)  (A)  filtered  Feb.  9  sample,  (O)  filtered  Feb.  11 
sample,  (O)  unfiltered  Feb.  11  sample.  (Solid  lines  give 
the  relationship  between  free  cupric  ion  concentration  and 
total  copper  based  on  inorganic  complexation  only.) 
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The  excellent  reproducibility  of  amperometric  titrations  of  an  aged 
sample  (Fig.  la)  suggests  that  the  variations  in  freshly  collected 
samples  are  real.  Despite  the  number  of  variables  (collection  time, 
sample  pretreatment,  etc.)  and  the  limited  number  of  samples,  the  data 
do  indicate  that  the  effects  of  sampling  over  intervals  of  1-2  days 
(particularly  at  Montauk  Point-  Figure  lb)  and  removal  of  suspended 
particles  and  particulate  copper  by  filtration  (Figure  la)  are  small. 
Storage  of  samples  (unfiltered  for  2  d  shown  in  Fig.  3a  or  filtered  for 
2  weeks  shown  in  Fig.  lb)  resulted  in  a  slight  decrease  in  complexation 
of  added  copper. 

A  direct  comparison  of  the  pooled  titration  data  for  the  two  sites 
show  slightly  more  complexation  of  copper  at  Christiansen  Basin  than  at 
Montauk  Point.  If  the  data  are  plotted  as  pCu  vs.  added  copper,  the 
data  from  Montauk  Point  and  Christiansen  Basin  are  virtually 
superiraposable .  Additional  organic  complexation  in  the  Christiansen 
Basin  roughly  compensates  for  the  larger  ambient  total  copper  and  the 
lower  inorganic  complexation  (due  to  lower  pH)  in  these  samples  as 
compared  to  the  Montauk  Point  samples.  Bioassay  data  suggest  that 
natural  bacterial  population  at  Montauk  Point  was  more  sensitive  to  free 
cupric  ion  concentration  than  at  Christiansen  Basin  as  indicated  by  the 
0.4  difference  in  pCu  at  50%  inhibition  (Figure  2b). 

Total  copper 

Total  copper  concentrations  in  filtered  Montauk  Point  samples  were 
5.1  nM  (Feb.  7)  and  6.7  nM  (Feb.  8)  consistent  with  literature  values 
for  coastal  waters  off  Massachusetts,  not  far  from  Montauk  Point  (Boyle 
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et  al . ,  1984).  Concentrations  of  13.3  and  14.5  nM  were  measured  in 
filtered  Christiansen  Basin  samples  (Feb.  9  and  Feb.  11).  The  Feb.  11 
unfiltered  smnple  contained  23.5  nM  total  copper.  Total  copper 
concentration  of  21  nM  was  estimated  for  the  Feb.  9  unfiltered  sample. 

Bacterial  counts 

Similar  numbers  of  bacterial  cells  (x  ±  S.D.)  were  determined  by 
AODC  at  both  sites:  8.4  ±  1.3  xlO^  cells/ml  at  Christisnsen  Basin  and 
6.6  ±  1.3x  10^,  cells/ml  at  Montauk  Point.  However  the  ratio  of 
CFU/AODC  was  elevated  at  Christiansen  Basin  (1.5%  vs.  0.3%).  CFU/AODC 
ratios  exceeding  1%  have  been  found  under  enriched  conditions  such  as 
oil-polluted  seawater  as  compared  with  0.01%  in  oceanic  water  (Pfaender 
et  al. .  1980) . 

Model  ligands 

For  both  Montauk  Point  and  Christiansen  Basin,  the  data  could  be 
modeled  using  the  same  stability  constants  (10^’^  and  10^^ ‘^)  and 
similar  concentrations  of  the  weak  ligand  (50  nM  at  Montauk  Point  and  70 
nM  at  Christiansen  Basin).  As  seen  in  Table  I,  an  approximately 
two -fold  higher  concentration  of  strong  ligand  was  required  to  model  the 
Christiansen  Basin  data  (50  nM)  than  for  the  Montauk  Point  data  (20nM) . 

2+ 

Ambient  (Cu  ) 

As  a  result  of  the  detection  limits  of  the  analytical  techniques, 

it  is  not  possible  to  extrapolate  unambiguously  from  the  available  data 
2+ 

to  (Cu  )  at  ambient  total  copper  concentrations;  only  higher  limits  can 
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Table  I.  Discrete  ligands  fit  to  amperoraetric  data  (a)  weakest  ligands 


(b)  stronger  ligands 

for  both  sites. 

chosen  so 

that  calculated 

ambient  pCu  is 

the  same 

(a) 

log 

log 

Montauk  Point 

11.7 

9.1 

20 

50 

Christiansen  Basin 

11.7 

9.1 

50 

68 

(b) 

Montauk  Point 

12.1 

9.3 

18 

49 

Christiansen  Basin 

12.5 

9.1 

49 

69 
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be  calculated.  With  our  estimates  of  stability  constants  and  ligand 
concentrations,  the  calculated  pCu  for  Christiansen  Basin  is  lower 
[ (Cu^^)  higher]  than  at  Montauk  Point:  11.8  vs.  12.2  (Figure  4). 

However,  this  difference  is  small  (comparable  to  the  difference  in  pCu 
of  +0.2  due  to  the  higher  pH  at  Montauk  Point)  and  both  sites  may  well 
have  the  same  ambient  pCu.  Stronger  ligands  (see  Table  I  and  Figure  4) , 
which  also  provide  a  good  fit  of  the  data  yield  an  extrapolated  ambient 
pCu  of  12.5  for  both  Christiansen  Basin  and  Montauk  Point. 

DISCUSSION 

The  two  techniques  compared  in  this  study  are  fundamentally 
different.  They  differ  in  the  parameter  measured,  conditions  for 
calibration,  time  of  equilibration  of  samples  to  added  copper,  and 
underlying  premises.  Fixed-potential  amperometry  measures  the  total 
inorganic  concentration  of  Cu(II)  and  the  measured  response  (i.e., 
integrated  current)  is  calibrated  in  the  absence  of  organic  ligands. 

The  ambient  bacterial  community  bioassay  measures  the  reactivity  of 
copper  as  quantified  by  the  free  cupric  ion  concentration  and  is 
internally  calibrated  with  NTA.  Thus,  the  results  of  the  two  methods 
are  entirely  independent. 

The  close  agreement  between  techniques  supports  the  validity  of 
each  individual  method  and  indicates  both  that  the  basic  premises  on 
which  they  rely  are  correct  and  that  they  are  minimally  affected  by 
potential  interferences.  The  amperometric  method  assumes  that  no 
significant  labile  copper-organic  complexes  are  reduced.  This 
assumption  is  important  only  for  strong  organic  ligands  since  at  low 
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Figure  4.  Cupric  ion  concentrations  derived  from  amperometric  titration 
data  (a)  for  Montauk  Point  Feb.  7  and  (b)  Christiansen  Basin 
Feb.  11  (unfiltered)  as  a  function  of  total  copper  (•). 

Also  shown  are  modeled  curves  computed  from  ligand 
concentrations  and  stability  constants  in  Table  I : 

( - )  using  weakest  ligands  adequate  to  fit  data;  (---)  using 

stronger  ligands.  Note  that  available  data  can  only  define  a 
minimum  pCu  at  ambient  total  Cu  concentration. 
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copper  concentrations  weak  ligands  cannot  influence  copper  speciation. 
The  bacterial  bioassay  presupposes  that  substrate  uptake  by  bacteria  is 
not  affected  by  copper  complexed  to  NTA  or  to  natural  ligands.  This 
premise  is  supported  by  the  agreement  of  results  obtained  with  varying 
NTA  concentrations.  A  possible  interference  in  the  bacterial  b^oassay 
is  the  effect  of  toxic  metals  other  than  copper  on  the  microbial 
community.  The  toxicity  of  the  ambient  free  ion  concentration  of  such 
metals  may  be  neglected  since  addition  of  a  large  excess  of  NTA  (at  low 
copper  added)  did  not  result  in  enhanced  substrate  uptake.  Displacement 
of  such  metals  from  natural  ligand  complexes  by  added  copper  is  unlikely 
to  be  important  until  all  available  ligands  are  titrated.  The  basic 
premises  have  been  confirmed  in  laboratory  systems  (Waite  and  Morel, 
1983;  Sunda  and  Gillespie,  1979).  Our  results  suggest  that  these 
premises  are  equally  correct  for  field  samples  and  demonstrate  the 
general  applicability  of  the  two  techniques. 

In  interpreting  and  modeling  the  data  from  both  techniques,  we  have 
assumed  equilibrium  between  ligands  and  added  metal.  The  time  scales  of 
equilibration  used  for  the  two  methods  were  different--  ~  20  min  for  the 
amperometric  titration  vs.  5  h  for  bioassay.  In  previous  studies,  no 
difference  in  bioassay  results  was  observed  for  equilibration  times  of  2 
and  5  h  (Sunda  and  Ferguson,  1983).  A  small  decrease  in  copper 
complexation  was  observed  by  amperometry  on  storage  of  a  filtered  (not 
bacteria- free)  sample  for  14  days  (Figure  lb).  Thus,  changes  in  natural 
ligand  concentration  over  5  h  may  be  neglected.  The  equilibration  times 
might  also  have  affected  the  results  if  the  added  copper  was  not  fully 
equilibrated  with  the  natural  ligands  at  short  equilibration  times.  The 
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correspondence  of  results  from  amperometry  and  bloassay  Indicated  that  a 
relatively  fast  (pseudo)  equilibrium  was  reached  on  these  time  scales. 

Questions  as  to  the  uniqueness  and  meaning  of  ligand  concentrations 
and  stability  constants  notwithstanding,  these  parameters  provide  at 
least  some  basis  for  comparison  with  previously  published  results  (shown 
in  Table  II).  Our  total  ligand  coocentrations  at  Montauk  Point  (70nM) 
and  Christiansen  Basin  (120nM)  are  within  the  range  of  60-220  nM 

previously  reported  for  coastal  waters.  Our  weak  ligand  stability 

9  1  8  9  9  2 

constant  (10  '  )  agrees  well  with  the  values  (10  ’  -  10  ’  )  determined 

previously  in  coastal  waters  by  bacterial  bloassay  (Sunda  and  Ferguson, 

1983;  Anderson  et  al.,  1984),  differential  pulse  anodic  stripping 

voltammetry  (Jet- stream  Hg-film  electrode)  (Kramer  and  Duinker,  1984) 

and  C^g-SEP-PAK  sorption  with  internal  cupric  ion  calibration  (Sunda  and 

Hanson,  1987).  Low  concentrations  of  strong  ligands  (log  «  11-12) 

could  be  detected  only  by  the  more  sensitive  of  the  techniques. 

Despite  the  very  limited  scope  of  this  study,  it  is  interesting  to 

speculate  on  the  effect  of  anthropogenic  inputs  to  the  sludge  dumpslte. 

The  extent  of  pollution  at  Christiansen  Basin  is  evidenced  by  elevated 

total  copper  concentrations  and  by  differences  in  microbiological 

parameters.  Titration  data  indicate,  however,  that  copper  was  more 

complexed  at  Christiansen  Basin  than  at  Montauk  Point.  As  a  result,  the 

estimated  free  cupric  ion  concentrations  are  roughly  similar  at  both 

sites  (pCu  ca.  11.8  to  12.2)  and  within  the  range  suggested  for 

unpolluted  coastal  waters  (11.3-12.5)  (Sunda  and  Hanson,  1987).  Even 

with  the  uncertainty  in  calculated  ambient  values  the  similarity  of 
2+ 

(Cu  )  at  a  polluted  site  with  unpolluted  marine  waters  is  striking 
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(Table  II).  At  Christiansen  Basin,  sewage  effluent  and  sludge  input  are 
likely  sources  of  the  observed  ligands  (Sposito  et  al.,1979;  Jardim  and 
Allen,  1984).  However,  it  is  also  possible  that  organisms  "actively" 
contribute  complexing  agents  to  their  environment  in  response  to 
increased  metal  concentrations. 

Certainly  many  interesting  environmental  and  ecological  questions 
concerning  metal  speciation  in  natural  waters  remain  unanswered. 

Although  direct  measurement  of  ambient  free  cupric  ion  concentration 
must  await  more  sensitive  techniques,  the  methods  we  have  compared  do 
appear  to  provide  valid  field  measurements  of  copper  complexation  and 
may  profitably  be  used  to  address  such  issues. 
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APPENDIX  B 


DETERMINATION  OF  METAL  COMPLEXATION  USING  A  FLUORESCENT  LIGAND 

ABSTRACT 

In  this  analytical  method,  measurement  of  fluorescence  is  used  to 

determine  speciation  of  a  fluorescent  ligand.  The  fluorescence  of  the 

ligand  is  quenched  on  formation  of  metal  complexes  with  paramagnetic 

2+ 

metal  cations,  in  this  case  Cu  .  Thus  observed  fluorescence  may  be 
used  as  a  measure  of  unbound  ligand  and  stability  constants  for 
metal- ligand  complexes  may  be  deduced  from  measurement  of  fluorescence 
at  varying  ligand- to-metal  ratios. 

This  paper  describes  the  application  of  this  theory  with  a 
commercially  available  fluorescent  ligand  and  estimates  stability 
constants  for  1:1  and  2:1  Cu-ligand  complexes  and  for  a  ternary  complex 
formed  with  NTA.  Difficulties  in  the  application  of  the  technique 
arising  from  complicated  ligand  speciation  are  discussed. 


INTRODUCTION 

The  reagent  used  in  this  study,  Calcein  (fluorexone) ,  was  first 
synthesized  in  1956  by  the  condensation  of  fluorescein  (Figure  1)  with 
aminodiacetic  acid  and  formaldehyde.  The  condensation  product  is 
fluorescent  as  is  the  parent  compound  and  also  possesses  the  metal 
complexing  capability  associated  with  the  aminodiacetate 
functionalities .  The  general  fluorescence  characteristics  of  Calcein 
are  well  established.  The  reagent  is  fluorescent  between  pH  3  and  11. 
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Figure  1. 


I 


I 


Structures  of  fluorescein  reported  by  (a)  Wolloch  et 
and  (b)  Morkuszewski  (1976). 


ol.  (1959) 
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Some  metal  complexes,  particularly  alkali  and  alkaline  earth  metal 
complexes  are  also  fluorescent.  Complexes  with  paramagnetic  transition 
metals  (Cu^^,  Co^^,  Ni^^,  Mn^^)  are  not  fluorescent  (Pribil,  1982; 
Wallach  and  Steck,  1963;  Markuszewski ,  1976). 

Some  disagreement  remains  in  the  literature  as  to  the  structure  of 
Calcein.  Wallach  et  al .  (1959)  proposed  an  asymmetrically  substituted 
structure  (Figure  2a)  based  on  their  observed  pK  's  for  the  phenolic 
hydroxy  groups  (see  Table  1).  They  reported  quite  different  pK  's  for 
the  two  phenolic  -OH  groups,  5.4  and  9.0.  They  attributed  the  lower  pK 
to  the  labilizing  influence  of  the  proximate  aminodiacetate  groups. 
However  a  symmetrical  structure  for  Calcein  has  also  been  proposed  based 
on  observed  pK  's,  H-nmr  (Markuszewski,  1976),  and  C-13-nmr  (Martin, 

8i 

1977).  Markuszewski  reported  pK  's  for  the  two  phenolic  hydroxy  groups 
of  4.58  and  6.19  (both  lower  than  the  typical  pK  of  -9).  He  attributed 

d. 

the  lability  of  the  protons  to  a  triple  zwitterionic  structure  (Figure 
2b). 

Stability  constants  for  Calcein  complexes  with  some  alkaline  earth 
and  transition  metals  have  been  reported  (Table  II).  Both  1:1  and  2:1 
metal-ligand  complexes  have  been  observed  although  the  agreement  in 
reported  stability  constants  for  Cu-Calcein  complexes  is  not  good. 

Despite  these  uncertainties  as  to  the  structure  and  properties  of 
Calcein,  it  has  been  used  as  an  analytical  reagent  mostly  for  calcium 
(Diehl  and  Ellingboe,  1956;  Kepner  and  Hercules,  1963;  Bandrowski  and 
Benson,  1972)  but  also  for  cadmium  (Hefley  and  Jaselskis,  1974)  and 
copper.  Tovar-Grau  et  al .  (1983)  measured  copper  concentrations  by 
fluorescence  quenching  of  Calcein  in  the  micromolar  range.  Saari  and 
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Figure  2.  Structures  of  Colcein  reported  by  (a)  Wolloch  et  ol.  (1959)  and 
(b)  Morkuszewski  (1976). 
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TABLE  I.  Stability  constants  for  Calcein  protonation 


for 


Markuszewski 


pKi 

2.74 

PK^ 

3.53 

PK3 

4.58 

6.19 

PK5 

9.88 

11.64 

reference 

Wallach  et  al. 

<  3 

<  4 
5.4 
9.0 

10.5 
>  12 


-  (H'^XH^Cal') 
(HgCal) 
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TABLE  II.  Stability  constants  for  some  metal  complexes  of  Calcein 


Metal  ion 

log  K 

"type  K" 

reference 

Ba^^ 

5.57±0.08 

K2  -  (M2L) 

Wallach  and  Stack  (63) 

Sr2" 

5.86±0.04 

(ML) (M) 

tt 

n 

Ca^"^ 

6.63±0.09 

It 

It 

Mg^'^ 

7 . 90±0 . 2 

It 

tt 

8.27 

‘^CuH2L 

Miyahara  (77) 

12.3 

Saari  and  Weitz  (84) 

12.8 

"  (pH  7.3) 

this  work 

28.97 

^Cu2L 

Miyahara  (77) 

20.8 

^Cu2L 

EtOH)  Markuszewski 

24.5 

^CUjL 

.3)  this  work 

2A7 


Weitz  (1984)  have  suggested  that  Calcein  immobilized  on  cellulose  could 
be  used  for  preconcentration  of  metal  ions  or  in  an  optical  sensor. 

It  is  clear  that  application  of  Calcein  as  an  analytical  reagent 
for  determining  metal  concentrations  and  speciation  and  binding 
constants  of  competing  ligands,  a  more  detailed  understanding  of  the 
complexing  proerties  of  the  analytical  reagent  is  required. 


EXPERIMENTAL  SECTION 

Materials :  All  reagents  were  analytical  grade  and  most  were  used 
without  further  purification.  For  some  experiments  NaCl  solutions  were 
prepared  by  dilution  of  5  M  NaCl  solutions  pretreated  with  Chelex  resin 
to  reduce  metal  contamination.  [Chelex  100  resin  was  cleaned  with  3  M 
NH^OH,  rinsed  extensively  and  reconverted  to  the  Na^-form  before  use  to 
minimize  leaching  of  organic  chelators  from  the  resin. ]  All  solutions 
were  buffered  with  1  mM  PO^  (pH  ~  7.4  ±  0.2)  except  for  the  kinetic 
experiment  which  was  buffered  to  pH  -  7 . 3  with  5  mM  HEPES 
(N-2 -hydroxyethylpiperazine-N’ -2-ethanesulphonic  acid).  Calcein 
(obtained  from  Sigma,  >95%  pure)  was  used  as  recieved.  The  only 
significant  contamination  reported  in  Calcein  is  unreacted  fluorescein 
(Tovar-Grau  et  al.,  1983).  The  absence  of  any  residual  fluorescence  in 
the  presence  of  excess  copper  indicated  that  fluorescein  contamination 
is  not  significant.  Stock  solutions  of  Calcein  (0.001  M  in  0.01  M  KOH) 
were  stored  in  the  dark  at  4°  C  for  not  more  than  2  months  (as  suggested 
b^  Wallach  et  al . ,  1959).  Calcein  Blue,  used  in  one  experiment,  was 
also  used  as  received  from  Sigma.  The  stock  solution  was  prepared  the 
day  preceding  the  experiment  as  decomposition  of  the  reagent  in  solution 
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has  been  noted  in  the  literature  (Brittain,  1987)  . 

Amperometric  experiments:  The  theory  and  analytical  methodology 
for  measurement  of  inorganic  copper  by  fixed-potential  amperometry  has 
been  described  previously  (Waite  and  Morel,  1983;  Hering  et  al ,  1987; 
Hering  and  Morel,  submitted;  Matson  et  al.,  1977).  Amperometric 
titrations  were  performed  by  the  addition  of  aliquots  of  stock  copper 
solution  to  Calcein  (at  concentrations  of  37.5  or  50  nM)  in  170  mL  of 
0.5  M  NaCl,  1  mM  PO^  at  pH  7.35). 

Fluorescence  quenching  experiments:  Calcein  fluorescence  was 
measured  on  a  Perkin- Elmer  LS-5  Fluorescence  spectrophotometer 
(excitation  wavelength  492  nm,  emission  wavelength  511  nm) . 

Fluorescence  signals  were  integrated  over  8  sec  and  then  averaged  over 
-1  min.  For  most  of  the  fluorescence  quenching  experiments  (with  or 
without  a  competing  ligand)  experiments  were  performed  by  spiking  10.00 
±  0.02  g  aliquots  of  buffer  (with  or  without  the  competing  ligand)  with 
appropriate  voliomes  of  copper  and  Calcein  (concentrations  1-10x10  ^M 
prepared  from  0.01  (Cu)  or  0.001  (Calcein)  M  stock  solutions).  All 
solutions.  Including  calibration  solutions,  were  stored  in  the  dark  at 
room  temperature  for  -4  h  before  fluorescence  rn<iasurements .  Experiments 
were  routinely  performed  in  acid  leached  -15  mL  polyethylene  flip- top 
vials.  The  same  protocol  was  followed  with  -50  mL  Teflon  centrifuge 
tubes  for  comparison. 

For  one  Calcein  calibration  curve  (at  high  concentrations,  >10  ^ 

M) ,  aliquots  of  the  reagent  were  added  to  100  mL  of  0.1  M  NaCl/0.001  M 
PO^  buffer.  Aliquots  of  solution  removed  for  fluorescence  measurements 
were  recombined  with  the  remaining  solution  to  minimize  volume  changes 
during  the  procedure. 
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For  the  kinetics  experiment,  solution  of  pre-equlibrated  NTA/Cu  or 
Calcein/Cu  were  prepared  in  100  mL  acid-washed  glass  volumetric  flasks. 
Calibration  flasks  with  Calcein  and  NTA  were  similarly  prepared.  The 
kinetic  experiments  were  begun  ("t-0")  by  spiking  the  experimental 
flasks  with  a  small  volume  of  the  competing  ligand.  Over  time  aliquots 
were  removed  for  fluorescence  measurements.  All  flasks  were 
foil-wrapped  to  exclude  light  and  stored  at  room  temperature. 

Modeling :  Stability  constants  for  copper-Calcein  complexes  were 

obtained  using  FITEQL  (Westall,  1982).  All  constants  are  reported  as 
pH-  (and  ionic  strength)  dependent  conditional  constants.  Due  to  the 
formation  of  more  than  one  copper-Calcein  complex,  the  FITEQL  solutions 
do  not  represent  unique  descriptions  of  the  experimental  data  (for  any 
individual  data  set) .  The  inclusion  of  information  from  several  types 
of  experiments  precludes  a  simplistic  optimization  for  any  individual 
experiment  (as  described  below).  Constants  for  inorganic  copper 
complexes  and  NTA  species  were  taken  from  the  MINEQL  (Westall  et  al . , 
1976)  data  base.  Predicted  free  Calcein  vs.  Cu  curves  based  on  FITEQL 
constants  were  also  generated  using  MINEQL. 


RESULTS  AND  DISCUSSION 

Calcein  fluorescence:  Calcein  fluorescence  was  observed  to  be 
linear  with  concentration  up  to  -200  nM.  In  the  micromolar  range  very 
large  deviations  from  linearity  were  observed  probably  due  to 
re-absorbance  of  the  fluoresced  light  (Figure  3). 

Some  difficulties  arise  in  determining  the  calibration  curve  for 
Calcein  at  low  concentrations  probably  due  to  copper  contamination  in 
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Figure  3.  Fluorescence  vs,  Calcein  concentration  (above  100  nM 
Calcein) . 


media  or  on  container  surfaces.  The  difference  in  calibration  curves 
with  varying  concentrations  of  ligands  is  difficult  to  interpret  since 
the  calibration  curves  with  no  added  NTA  do  not  show  what  might  be  the 
expected  effect  of  copper  contamination  (i.e.-  the  same  slope  as  curves 
with  added  NTA  but  an  offset  in  the  intercept)  but  rather  a  decrease  in 
the  slope  (Figure  4) .  NTA  itself  does  not  contribute  to  the 
fluorescence  signal.  It  has  also  been  noted  that  the  stability  of 
Calcein  fluorescence  over  the  course  of  several  hours  was  influenced  by 
the  presence  of  NTA  (Figure  5).  Calibration  curves  obtained  in 
polyethylene  and  Teflon  were  identical  (Figure  6).  Unfortunately,  the 
uncertainty  in  the  interpretation  of  calibration  curves  creates  a 
significant  error  in  the  interpretation  of  ligand  competition 
experiments  (to  be  discussed  later). 

Calcein-copper  binding:  Copper  binding  by  Calcein  was  studied  by 

observing  fluorescence  quenching  as  a  function  of  added  copper  and  by 

measuring  inorganic  copper  as  a  function  of  added  copper  by 

fixed-potential  amperometry.  Fluorescence  quenching  data  show  a  linear 

decrease  in  fluorescence  (i.e.-  free  Calcein)  with  added  Cu  to  -0.5:1 

metal-to-ligand  ratios.  No  residual  fluorescence  is  observed  at  >3:1 

metal -to -ligand  ratios  (Figure  7).  The  quenching  curves  are  consistent 

with  the  formation  of  a  non- fluorescent  1:1  Cu-Calcein  complex  with  a 

9  0 

conditional  stability  constant  of  -10  .  However,  this  interpretation 

is  inconsistent  with  the  amperometric  data  and  the  ligand-competition 
data  (to  be  discussed  later).  The  amperometric  data  (Figure  8)  show 
more  copper  complexation  than  can  be  accounted  for  by  the  formation  of  a 
1:1  complex.  Both  fluorescence  quenching  and  amperometric  data  can  be 
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Figure  4 


Fluorescence  vs.  Calcein  concentration.  Symbols;  (O )  no  NTA, 
( A )  10  NTA. 
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Figure  5 


Changes  in  fluorescence  over  time  for  Calcein  solutions, 
(a)  Fluorescence  as  a  function  of  time  for  1  /iM  NTA  (open 
symbols)  and  10  /jM  NTA  (closed  symbols)  .  Calcein 
concentration  (O.#)  10  nM,  (A, A)  20  nM,  (□,■)  50  nM, 
(V,T)  100  nM.  (b)  and  (c)  Fluorescence  vs.  Calcein 
concentrations  for  (b)  1  fM  NTA  and  (c)  10  /iM  NTA. 
Approximate  times  (from  (a));  (O)  Oh,  (A)  1.5  h, 

(□)  3.5  h  (O)  6-7  h. 
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Figure  6.  Fluorescence  vs.  Calcein  concentration  for  samples  in 
polyethylene  (O)  and  Teflon  (□). 
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Figure  7.  Effects  of  copper  concentration  on  free  Calcein.  ( - )  model 

fit  for  -  10^^-^;  (---)  model  fit  for 

*^CuD  ■  D  -  10^^'^.  [The  different  symbols 

correspond  to  separate  data  sets.  Differences  may  be  due  to 
varying  levels  of  Cu  contamination.] 
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Figure  8 


Amperometric  Cu  titrations  of  Calcein.  Calcein 
concentrations:  (O)  37.5  nM,  (A)  50  nM. 
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qualitatively  resolved  by  including  formation  of  a  2:1  Cu-Calcein 

complex.  The  fluorescence  quenching  data  indicate  the  relative 

strengths  of  the  stability  constants  for  the  2:1  and  1:1  complexes, 

however,  they  cannot  be  used  to  determine  unique  values  for  these 

constants.  The  model  fit  shown  with  the  data  (in  Fig.  7)  imposes  a 

12  8 

conditional  stability  constant  for  the  1:1  complex  of  10  '  (based  on 

ligand-competition  experiments)  and  uses  a  value  for  Calcein 

on  the  optimization  of  the  fit  to  the  fluorescence  quenching  data  using 
FITEQL.  These  constants,  however,  are  not  entirely  consistent  with  the 
amperometric  titration  data;  a  model  fit  of  the  titration  experiment 
significantly  overpredicts  the  observed  complexation.  This  discrepancy 
may  be  due  to  some  dissociation  of  the  2:1  complex  during  the 
electrochemical  measurement. 

Calcein-copper  binding-  ligand  competition  fluorescence  quenching: 
Information  on  Calcein  -copper  binding  can  also  be  obtained  by  observing 
fluorescence  quenching  in  the  presence  of  competing  ligands  (cf.  Saari 
and  Weitz,  1984). 

Comparison  of  fluorescence  quenching  of  both  Calcein  and  Calcein 
Blue  in  the  same  solutions  indicates  similar  strength  of  binding  (Figure 
9a, b).  Since  Calcein  Blue  (structure  shown  in  Figure  10)  has  only  one 
aminodiacetate  functionality  (Pribil,  1982),  this  concordance  in  binding 
strengths  indicates  that  the  binding  of  copper  by  Calcein  involves  only 
a  single  aminodiacetate  group  (as  suggested  by  Marl uszewski ,  1976). 
However  since  the  binding  constants  of  Calcein  Blue  are  not  well 
established,  this  information  cannot  be  interpreted  quantitatively. 

Calcein  fluorescence  quenching  was  also  measured  in  the  presence  of 
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Figure  9 


Measurements  of  free  Calcein  and  free  Calcein  Blue  in 
solutions  containing  Calcein,  Calcein  Blue  and  Cu. 

(a)  Concentration  of  free  Calcein  as  a  function  of  total  Cu 
for  Calcein,j,=  50  nM  and  (□)  Calcein  Blue,j,=  50  nM,  (O) 
Calcein  Blue,j,—  20  nM. 

(b)  Concentration  of  free  Calcein  Blue  as  a  function  of  total 
Cu  for  Calcein  Blue.j,-  50  nM  and  (□)  Calcein.j,=  50  nM,  (O) 
Calcein.^,  -  20  nM. 
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free  Calcein  (nM) 


Figure  10.  Structure  of  Calcein  Blue  (Pribil,  1982). 
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varying  concentrations  of  NTA  and  ethylenediamine .  It  is  clear  from 
these  experiments  that  the  conditional  stability  constant  for  Cu-Calcein 
exceeds  that  of  CuNTA.  Figure  11  shows  the  results  of  ligand 
competition  experiments  with  10  ^  M  NTA,  10  ^  M  calcein,  and  10  ^  M  Cu. 
Equilibrium  is  attained  in  -4  h.  The  observed  equilibrium  value  is 
consistent  with  a  conditional  stability  constants  for  Cu-Calcein  of 
-10^2.8 

Examination  of  ligand- competition  fluorescence  quenching  with  a 

range  of  added  Cu  suggests  more  complicated  ligand  speciation. 

Comparison  of  model  fits  with  data  shown  in  Figures  12  a  and  b  show  that 

the  observed  quenching  at  high  Cu  is  significantly  less  than  expected. 

This  discrepancy  can  be  resolved  by  inclusion  of  a  stable  ternary 

complex  (NTACuCalcein)  that  is  also  (at  least  partially)  fluorescent. 

Such  a  species  would  be  expected  to  contribute  significantly  to  the 

overall  Calcein  speciation  at  high  NTA  concentrations  and  at  high 

Cu- to-Calcein  ratios.  Figure  12  shows  the  calculated  concentrations  of 

free  Calcein  and  the  ternary  complex  (with  a  stability  constant  of 
20  4 

10  ■  ) .  It  is  assumed  that  the  ternary  complex  is  as  fluorescent  as 

free  Calcein.  The  discrepancies  between  the  calculated  values  for  the 
two  data  sets  may  be  due  to  a  reduced  quantum  efficiency  for  the  ternary 
complex  as  compared  with  the  free  ligand.  Although  it  is  somewhat 
counter-intuitive  to  suggest  that  such  a  ternary  complex  would  be 
fluorescent,  kinetic  data  suggest  formation  of  a  f luore.scent  ternary 
complex  with  EDTA  as  an  intermediate.  For  the  reaction  of  Cu-Calcein 
with  excess  EDTA,  the  deviations  from  linearity  in  the  plot  of 
In(Cu-Calcein)  vs.  time  could  be  due  to  initial  formation  of  a 
fluorescent  ternary  intermediate  (Fig.  13). 


269 


Figure  11.  Concentration  of  free  Calcein  over  time  for  (A,V)  100  nM 

Calcein  added  to  pre-equilibrated  Cu/NTA  (Cu^=“  100  nM, 

NTA^-  10  /iM)  at  t-0  and  (O  ,□)  10  NTA  added  to 

pre-equilibrated  Cu/  Calcein  (Cu,^,-  100  nM,  Calcein.^,-  100  nM) 

at  t-0.  ( - )  Equilibrium  value  for  free  Calcein  for 

K_  =  10^^'^,  -  10^*^’^,  ( - )  equilibriixm  value  for  free 

CuD  CU2D  '  'i 

Calcein  neglecting  CU2D. 
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100 


Figure  12.  Effect  of  Cu  on  Calcein  speciation  in  the  presence  of 

(a)  10  fiH  NTA  and  (b)  1  NTA.  Symbols  are  fluorescence 
normalized  using  calibration  curves  and  corresponds  to  free 
dye  concentration  assuming  that  no  other  dye  species 
contributes  to  the  observed  fluorescence.  Lines  show  model 

T  0  ft  0  /  ^ 

fits  based  on  constants  lO"^  ’  ^  =  10'^  '  , 

CuD  CU2D 

20  4 

K^TacuD”  predicted  concentration  of  free  dye, 

( - )  predicted  concentration  of  NTACuD,  ( - )  sum  of 

predicted  concentrations  of  these  two  species. 
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Comments  on  reproducibility  and  consistency  of  results:  Although 
all  ligand- competition  fluorescence  quenching  experiments  agree 
qualitatively,  it  has  not  been  possible  to  fit  all  the  data  with  a 
single  set  of  conditional  stability  constants.  While  reproducibilty  of 
data  for  a  single  experiment  is  excellent,  some  discrepancies  are 
apparent  in  comparing  different  data  sets.  It  is  likely  that  some  of 
these  discrepancies  are  due  to  difficulties  in  obtaining  accurate 
calibration  curves  as  described  above.  Variations  in  levels  of  copper 
contamination  may  also  contribute  to  observed  discrepancies.  Although 
the  results  suggest  complicated  ligand  speciation,  the  available 
information  is  insufficient  to  provide  a  complete  description  of  ligand 
and  metal  speciation  in  this  system. 


CONCLUSION 

Fluorescent  complexing  agents  are  a  powerful  tool  for  determining 
ligand  and  metal  speciation.  Application  of  this  technique,  however,  is 
difficult  due  to  problems  in  accurately  calibrating  the 
fluorescence-Calcein  concentration  relationship  and  to  complicated 
ligand  speciation. 

With  these  caveats,  the  conditional  stability  constants  for 
Cu-Calcein  binding  may  be  estimated  from  fluorescence  quenching, 
amperometric  and  ligand  competition  experiments.  Our  results 
demonstrate  formation  of  both  1:1  and  2:1  CuCalcein  complexes  and 
suggest  the  formation  of  a  fluorescent  ternary  complex. 
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APPENDIX  C 


ANCILLARY  DATA  FOR  CHAPTER  FOUR 


Experimental  protocol  is  given  in  the  text  of  Chapter  4. 
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METEX13 

METEX14 

DATE 

2/9/86 
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7/24/85 

log  CaT 

-2.0 

log  CaT 

-2.0(SSW) 

pH 

8.3 

pH 

8.3 

CuT 

25  riM 

CuT 

37.5  nM 

CaEDTA  T 

112.5  nM 

CaEDTA  T 

1250  nM 

analysis 

1st  ord 
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#  pts 
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%  rxn 
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Cu  34.3  nM 
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log  MgT 

-1.3 

log  MgT 

-1.3 

pH 
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*CuT 

37.5  nM 
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37.5  nM 

MgEDTA  T 

62.5  nM 

MgEDTA  T 
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#  pts 

20 

#  pts 

19 
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Cu  35, 

.  0  nM 

236 


APPENDIX  D 


ANCILLARY  DATA  FOR  CHAPTER  FIVE 


Experimental  protocol  is  given  in  the  text  of  Chapter  5. 
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LIGAND  EXCHANGE  10/22  K  LIGAND  EXCHANGE  10/22  L  LIGAND  EXCHANGE  9/30  #1A 
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LIGAND  EXCHANGE  8/24  »! 
CiiNTA  +  D  CO  CuD  +  NTA 


Dye(BD) 

2.00E-08 

Cu(BD) 

l.OOE-07 

NTA(BD) 

1 . 60E-07 

c  ime 

RFU(30) 

(sec) 

O.OOE+00 

D  (obs) 
nM 

1 . 80E+01 

3.91E+02 

8 . lOE+00 

2.90E+01 

3 . 86E+02 

8.00E+00 

3 . 90E+01 

3.75E+02 

7.78E+00 

5.  lOE-t-Ol 

3.60E+02 

7.46E+00 

6.20E+01 

3.44E+02 

7.13E+00 

7. lOE+01 

3.51E+02 

7.28E+00 

8.20E+01 

3.26E+02 

6.76E+00 

9.20E+01 

3.30E+02 

6 . 84E+00 

1.02E+02 

3.12E+02 

6.47E+00 

l.llE+02 

3 . llE+02 

6.44E+00 

1.21E+02 

3.09E+02 

6.41E+00 

l,31E+02 

2.97E+02 

6.16E+00 

1.41E+02 

2.99E+02 

6 . 20E+00 

1.51E+02 

2.95E+02 

6.12E+00 

l,61E+02 

2.87E+02 

5.95E+00 

1.70E+02 

2.81E+02 

5.82E+00 

1 . 80E+02 

2.74E+02 

5.68E+00 

1.90E+02 

2.67E+02 

5 . 54E+00 

1.99E+02 

2.65E+02 

5.48E+00 

2.09E+02 

2.59E+02 

5,38E+00 

2.20E+02 

2.47E+02 

5.13E+00 

2.30E+02 

2 .42E+02 

5,01E+00 

2  40E+02 

2.38E+02 

4.94E+00 

2.50E+02 

2.32E+02 

4.81E+00 

2.59E+02 

2.23E+02 

4.62E+00 

2.69E+02 

2.25E+02 

4.67E+00 

2.80E+02 

2.22E+02 

4.61E+00 

2.90E+02 

2.21E+02 

4 . 58E+00 

3.00E+02 

2.17E+02 

4.49E+00 

3.10E+02 

2 . lOE+02 

4 . 35E+00 

3.20E+02 

2.08E+02 

4 . 30E+00 

3.29E+02 

2.09E+02 

4.33E+00 

3,40E+02 

2,03E+02 

4.21E+00 

3.50E+02 

2.01E+02 

4.16E+00 

3.60E+02 

2 . OOE+02 

4 . 14E+00 

3 . 70E+02 

1.92E+02 

3.98E+00 

3.80E+02 

1.92E+02 

3 , 99E+00 

3.90E+02 

1.89E+02 

3.91E+00 

4.00E+02 

1.83E+02 

3.78E+00 

LIGAND  EXCHANGE  8/24  (»2 

CuNTA  +  D  to  CuD  +  NTA 

init  para  data  D  (obs) 

Cu(bd)  tinie(sec)  RFU  nM 

l.OOE-07  O.OOE+00 

dye(bd)  1.50E+01  7.21E+02  2.22E+01 

4.00E-08  2.60E+01  7.06E+02  2,17E+01 

lig(bd)  3.70E+01  6.42E+02  1.98E+01 

1.6OE-07  4.90E+01  6.22E+02  1.91E+01 

6.00E+01  6.20E+02  1.91E+0I 

7.00E+01  6.25E+02  1.92E+01 

8.00E+01  6.19E+02  1.90E+01 

9.10E+01  6.16E+02  1.89E+01 

cal  slopel.OlE+02  6.00E+02  1.85E+01 

3.25E+01  1.12E+02  5.94E+02  1.83E+01 

1.21E+02  5,74E+02  1.76E+01 

1.30E+02  5.70E+02  1.75E+01 

1.40E+02  5.72E+02  1.76E+01 

1.50E+02  5.60E+02  1.72E+01 

1.60E+02  5.57E+02  1.71E+01 

l,70E+02  5.49E+02  1.69E+01 

1,80E+02  5.40E+02  1.66E+01 

1.90E+02  5,30E+02  1.63E+01 

2.00E+02  5.37E+02  1.65E+01 

2.10E+02  5.27E+02  1.62E+01 

2.20E+02  5.23E+02  1.61E+01 

2.30E+02  5.18E+02  1.59E+01 

2.40E+02  5.07E+02  1.56E+01 

2.50E+02  4.99E+02  1.53E+01 

2.60E+02  4.97E+02  1.53E+01 

2.70E+02  5.00E+02  1.54E+01 

2.80E+02  4.88E+02  1.50E+01 

2.90E+02  4.80E+02  1,48E+01 

3.00E+02  4.72E+02  1.45E+01 

3,10E+02  4.71E+02  1.45E+01 

3.20E+02  4,67E+02  1,A3E+01 

3.30E+02  4,53E+02  1.39E+01 

3.40E+02  4.47E+02  1,38E+01 

3.50E+02  4.27E+02  1.31E+01 

3.60E+02  4.37E+02  1.34E+01 

3,70E+02  4,36E+02  1.34E+01 

3.80E+02  4.28E+02  1.32E+01 

3.90E+02  4.27E+02  1.31E+01 

4.00E+02  4.19E+02  1.29E+01 

4,10E+02  4.14E+02  1.27E+01 

4.20E+02  4.15E+02  1.28E+01 

4.30E+02  4.05E+02  1 . 24E+01 

4.40E+02  4.00E+02  1.23E+01 

4.^0E+02  4.05E+02  1.24E+01 

4,60E+02  4.02E+02  1.24E+01 

4.72E+02  3.96E+02  1.22E+01 

4.82E+02  3.94E+02  1.21E+01 

4,92E+02  3.89E+02  1.20E+01 

5.05E+02  3.83E+02  1.18E+01 

5.16E+02  3.78E+02  1.16E+01 

5.25E+02  3.78E+02  1.16E+01 

5.35E+02  3.74E+02  1.15E+01 

5.45E+02  3.65E+02  1.12E+01 

5.55E+02  3.66E+02  1 , 13E+01 

5.65E+02  3.62E+02  l.llE+01 
5.75E+02  3.50E+02  1.08E+01 

5.85E+02  3.52E+02  1.08E+01 

5.95E+02  3.39E+02  1.04E+01 

6.05E+02  3.38E+02  1.04E+01 
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LIGAND  ELKCHANGE  8/2^  «3 
CuNTA  +  D  CO  CuD  +  NTA 


init  pora  data 


Cu(bd) 

time  (sec)  RFU 

l.OOE-07 

O.OOE+OO 

dve (bd) 

1 . 70E+01 

8 .45E+02 

5.20E+01 

l.OOE-07 

2.90E+01 

8.20E+02 

5.04E+01 

1 ig(bd) 

4 .OOE+01 

7.93E+02 

4.89E+01 

1 .60E-07 

5 . 30E+01 

7,83E+02 

4,82E+01 

6 . 20E+01 

7. 60E+02 

4,68E+01 

7.20E+01 

7.50E+02 

4.61E+01 

8  .  lOE+01 

7.62E+02 

4.69E+01 

9 . OOE+01 

7. 53E+02 

4.63E+01 

cal  slopel . OOE+02 

7.44E+02 

4 . 58E+01 

1 . 63E+01 

l.lOE+02 

7.31E+02 

4 .49E+01 

LIGAND  EXCHANGE  8/24  #4 

1.20E+02 

7.26E+02 

4.47E+01 

CuNTA  +  C 

1  to  CuD  + 

NTA 

1. 30E+02 

7.24E+-02 

4.45E+01 

init  para 

1  data 

D  (obs) 

1 .40E+02 

7. 14E+02 

4.39E+01 

Cu(bd) 

tinie(sec) 

RFU 

nM 

1.50E+02 

7.01E+02 

4.31E+01 

1 .OOE-07 

O.OOE+00 

1.60E+02 

6.94E+02 

4.27E+01 

dye (bd) 

1.50E+01 

7.97E+02 

9.80E+01 

1.70E+02 

6.86E+02 

4.22E+01 

2  .OOE-07 

2.70E+01 

7.97E+02 

9.80E+01 

1.80E+02 

6.79E+02 

4.18E+01 

lig(bd) 

3.90E+01 

7 . 88E+02 

9 , 70E+01 

1.91E+-02 

6.65E+02 

4.09E+01 

1.60E-07 

5.00E+01 

7.91E+02 

9.72E+01 

2.00E+02 

6 .67E+02 

4.10E+01 

6.00E+01 

7.88E+02 

9.69E+01 

2 . lOE+02 

6.61E+02 

4.07E+01 

7.00E+01 

7,81E+02 

9.61E+01 

2.20E+02 

6 . 54E+02 

4.02E+01 

8.00E+01 

7.77E+02 

9.55E+01 

2.30E+02 

6 .47E+02 

3.98E+01 

9 . OOE+01 

7,74E+02 

9.52E+01 

2 .40E+02 

6.43E+02 

3.95E+01 

cal  slopel . OlE+02 

7.63E+02 

9.39Et01 

2.50E+02 

6.33E+02 

3.90E+01 

8.13E+00 

l.llE+02 

7.54E+02 

9.27E+01 

2.60E+02 

6.23E+02 

3.84E+01 

1.20E+02 

7 .43E+02 

9.13E+01 

2. 70E+02 

6.26E+02 

3.85E+01 

1.30E+02 

7.32E+02 

9.00E+01 

2.80E+02 

6.13E+02 

3.77E+01 

1.40E+02 

7.32E+02 

9  .OlE-^01 

2.90E+02 

6.08E+02 

3.74E+01 

1.50E+02 

7.25E+02 

8.91E+01 

3.00E+02 

6.02E+02 

3.70E+01 

l,60E+02 

7.21E+02 

8.87E+01 

3.10E+02 

5.97E+02 

3.67E+01 

1.70E+02 

7.04E+02 

8.65E+01 

3.20E+02 

5.92E+02 

3.64E+01 

1.80E+02 

7.39E+02 

9.09E+01 

3.30E+02 

5 , 89E+02 

3.62E+01 

1.91E+02 

7.30E+02 

8.98E+01 

3.40E+02 

5.86E+02 

3.60E+01 

2.00E+02 

7.25E+02 

8,92E+01 

3,50E+02 

5.77E+02 

3.55E+01 

2 . lOE+02 

7. 19E+02 

8.84E+01 

3.60E+02 

5.71E+02 

3.51E+01 

2.20E+02 

7.15E+02 

8 , 80E+01 

3.70E+02 

5.68E+02 

3.49E+01 

2.30E+02 

7 .08E+02 

8.71E+01 

3.80E+02 

5.65E+02 

3.48E+01 

2 .40E+02 

7.10E+02 

8.73E+01 

3 .90E+02 

5.58E+02 

3.43E+01 

2 . 52E+02 

6 . 64E+02 

8.16E+01 

4,00E+02 

5,53E+02 

3.40E+01 

2.61E+02 

6.66E+02 

8.19E+01 

4.10E+02 

5,51E+02 

3.39E+01 

2.71E+02 

6.59E+02 

8.10E+01 

4.20E+02 

5.46E+02 

3 . 36E+01 

2.81E+02 

6.70E+02 

8.25E+01 

4,30E+02 

5.43E+02 

3.34E+01 

2.91E+02 

6.54E+02 

8.05E+01 

4.40E+02 

5.40E+02 

3.32E+01 

3 .OOE+02 

6.52E+02 

8.02E+01 

4 . 50E+02 

5.35E+02 

3.29E+01 

4.60E+02 

5.29E+02 

3.25E+01 

4. 72E+02 

5.23E+02 

3.22E+01 

4.82E+02 

5.26E+02 

3.23E+01 

4.90E+02 

5.20E+02 

3 . 20E+01 

5.00E+02 

5, 14E+02 

3.16E+01 

5.10E+02 

5.13E+02 

3.15E+01 

5.20E-t-02 

5.08E+02 

3.13E+01 

5 . 30E+02 

5.09E+02 

3.13E+01 

5.40E+02 

5.00E+02 

3 . 08E+01 

5 . 50E+02 

4.96E+02 

3.05E+01 

5.60E+02 

4.94E+02 

3.04E+01 

5,70E+02 

4.87E+02 

3.00E+01 

5.80E+02 

4.84E+02 

2.97E+01 

5 . 90E+02 

4.83E+02 

2.97E+01 

6 . OOE+02 

4.84E+02 

2.98E+01 
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LIOAND  exchange  Xl/2  A  LTGAND  EXCHANGE  11/2  B  LIGAND  EXCHANGE  11/2  C 

CuNTA  +  D  to  CuD  +  NTA  CuNTA  l  I)  to  CuD  t  NTA  CuNTA  +  D  t  o  GuD  4  NTA 

init  para  data  D  (obs)  init  para  data  D  (obs)  init  para  data  U  (obs) 
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LIGAND  EXCHANGE  11/2  D 


CuNTA  +  D  to  CuD  + 

NTA 

init  para  data 

D  (obs) 

Cu(bd)  time(sec) 

l.OOE-07  O.OOE+00 

RFU 

nM 

dye(bd)  2.00E+01 

7.90E+02 

2.62E+02 

5.00E-07  3.00E+01 

7.86E+02 

2.60E+02 

lig(bd)  4 . OOE+01 

7.75E+02 

2.57E+02 

1.20E-07  5.00E+01 

7.60E+02 

2.52E+02 

6 .OOE+01 

7 .58E+02 

2.51E+02 

7 . OOE+OI 

7.58E+02 

2. 51E+02 

8.00E+01 

7.58E+02 

2.51E+02 

9 .OOE+01 

7.52E+02 

2.49E+02 

cal  slopel . OOE+02 

7.52E+02 

2.49E+02 

3.02E+00  l.lOE+02 

7.44E+02 

2.47E+02 

1 . 20E+02 

7.51E+02 

2.49E+02 

1. 30E+02 

7.55E+02 

2.50E+02 

1.40E+02 

7.50E+02 

2.48E+02 

1 . 50E+02 

7.48E+02 

2.48E+02 

1.60E+02 

7.55E+02 

2.50E+02 

1 . 70E+02 

7.54E+02 

2.50E+02 

1.80E+02 

7.54E+02 

2.50E+02 

1.90E+02 

7.51E+02 

2.49E+02 

2 . OOE+02 

7.50E+02 

2.48E+02 

2 . lOE+02 

7.43E+02 

2.46E+02 

2.20E+02 

7.38E+02 

2.45E+02 

2 . 30E+02 

7.40E+02 

2.45E+02 

2 . 40E+02 

7.39E+02 

2.45E+02 

2 . 50E+02 

7.32E+02 

2.42E+02 

2. 60E+02 

7.33E+02 

2.43E+02 

2.70E+02 

7.27E+02 

2 .41E+02 

2.80E+02 

7.27E+02 

2.41E+02 

2.90E+02 

7.19E+02 

2.38E+02 

3 , OOE+02 

7.20E+02 

2.38E+02 

3 . lOE+02 

7.13E+02 

2.36E+02 

3 . 20E+02 

7.13E+02 

2.36E+02 

3 . 30E+02 

7.15E+02 

2.37E+02 

3.40E+02 

7.08E+02 

2 . 34E+02 

3 . 50E+02 

7.06E+02 

2 . 34E+02 

3.60E+02 

7.07E+02 

2 . 34E+02 
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LIGAi.’D  EXCHANGE  10/7/86  F 
CuD  EDTA  to  CuEDTA  +  D 


D  (BD)  lAO 

nM 

Cu  (BD)  100  nM 

EDTA  (BD) 

lOOOnM 

time ( sec ) 

RFC  (10) 

D  (obs) 

nM 

0 

20 

357.4 

24 . 28649 

30 

357 . 5 

24.29328 

40 

353.9 

24.04865 

50 

355 . 5 

24.15737 

60 

354.7 

24.10301 

70 

3  57  .  A 

24.28649 

80 

359.1 

24.40201 

90 

366.6 

24.91166 

230 

363.5 

24 . 70100 

240 

359 

24.39521 

250 

368,2 

25.02038 

260 

363.8 

24.72139 

270 

364.5 

24.76895 

280 

365.3 

24,82332 

290 

362.4 

24.62625 

300 

362.4 

24.62625 

310 

363.1 

24.67382 

320 

362.9 

24,66023 

330 

368.7 

25.05436 

510 

378.2 

25.69991 

520 

376.3 

25.57080 

530 

380.2 

25,83582 

540 

377.6 

25.65914 

550 

378.8 

25.74069 

560 

378.6 

25.72709 

570 

379.1 

25,76107 

580 

378.9 

25.74748 

590 

378.2 

25.69991 

600 

382.4 

25.98532 

610 

384.2 

26.10763 

620 

378.7 

25.73389 

630 

383.3 

26.04648 

840 

385.2 

26.17559 

850 

383.9 

26.08725 

863 

376.7 

25.59798 

880 

382.4 

25.98532 

890 

382.9 

26.01929 

900 

384.5 

26.12802 

910 

384.1 

26.10084 

920 

381.2 

25.90377 

930 

384.1 

26 . 10084 

LIGAND  EXCHANGE  10/7/86  G 
CuD  +  EDTA  to  CuEDTA  +  D 


D  (BD)  140  nM 

Cu  (BD)  100  nM 
EDTA  (BD)  2000nM 
time(sec)  RFT)(10) 

D  (obs) 

0 

20 

349.2 

nM 

23.72927 

30 

347.3 

23.60016 

40 

344.6 

23.41668 

50 

348.7 

23.69529 

60 

344.5 

23.40989 

70 

347.4 

23.60695 

80 

350.7 

23.83120 

90 

347.1 

23.58657 

260 

357.7 

24.30687 

270 

359.4 

24.42239 

280 

357.8 

24.31367 

290 

359.8 

24.44957 

300 

356 

24.19135 

310 

360.6 

24.50394 

320 

364.7 

24.78254 

330 

367.6 

24.97961 

550 

373.2 

25.36015 

560 

373.9 

25.40771 

570 

376,6 

25.59119 

580 

375.9 

25.54362 

590 

377.8 

25.67273 

600 

378 

25.68632 

610 

381.9 

25.95134 

620 

378.5 

25.72030 

630 

376.2 

25.56401 

830 

387.6 

26.33867 

840 

389,1 

26.44060 

850 

388.9 

26.42701 

860 

390.3 

26.52215 

870 

391 

26.56972 

880 

392.3 

26 , 65805 

890 

393.5 

26.73960 

900 

392.2 

26.65126 

910 

391.  C 

75.62408 

920 

394.2 

26.78717 

930 

391.5 

26.60369 

940 

400 

27.18129 

950 

398.8 

27.09975 

960 

395.4 

26.86871 

1160 

398.7 

27.09296 

1170 

403.3 

27.40554 

1180 

405.4 

27.54824 

LIGAND  EXCHANGE  10/8/86  A 
CuD  +  EDTA  to  CuEDTA  -r  D 
D  (BD)  l'*0  nM 
Cu  CBD)  100  nM 
EDTA  (BD)  2000  nM 
tinie(sec)  RF'J(IO)  D  (obs) 


20 

355 

24.09818 

30 

355  4 

c  t  1  2  5  3  3 

40 

349  8 

23  .  '451  9 

50 

354  .t. 

24 . 05745 

60 

359 . 2 

24.38329 

70 

361  .  9 

24 . 56657 

80 

359.6 

24 .41044 

90 

35E  .  1 

24 . 30S61 

210 

364.6 

24 . 74985 

220 

363.2 

24 . 7905S 

230 

364.2 

24 . 72270 

240 

364.1 

24.71591 

250 

363.7 

24.68876 

260 

368.2 

24.99423 

270 

363.7 

24,68876 

280 

365.9 

24.83810 

290 

366.8 

24,89919 

300 

369.1 

25.05532 

310 

367.2 

24,92634 

320 

369.2 

25.06211 

520 

370.1 

25.12320 

530 

371.9 

25.24539 

540 

370.7 

25.16393 

550 

370.5 

25.15035 

560 

370.5 

25.15035 

570 

371.8 

25.23860 

580 

375.2 

25.46940 

590 

366.4 

24.87204 

600 

363.8 

24.69554 

610 

367.9 

24.97386 

620 

370 

25.11641 

810 

374.4 

25.41509 

820 

376.2 

25.53728 

830 

378 

25.65947 

840 

377.7 

25.63911 

850 

382.8 

25.98531 

860 

381.7 

25.91063 

870 

380.6 

25.83596 

880 

377.6 

25.63232 

890 

373.6 

25.36079 

900 

380.1 

25 . 80202 

910 

390.5 

26.50800 

920 

384.3 

26.08713 

930 

383.8 

26.05319 

1160 

386.2 

26,21610 

1170 

382.6 

25.97173 

1180 

386.3 

26.22289 

1190 

386.2 

26.21610 

1200 

387 

26,27041 

1210 

386.6 

26.24326 

1220 

388.3 

26.35866 

1230 

391.3 

26.56230 
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LIGAND  EIXHANGE  10/8/86  B 
CuD  +  EDTA  to  CuEDTA  +  D 
D  (BD)  140  ->11 
Cu  (BDI  100  nM 


EDTA  (BD) 
tinie(sec) 


4000  nM 
RFU(IO) 


D  (obs) 
nH 


20 

345 . 5 

23.45330 

30 

349.1 

23.69767 

40 

353.3 

23.98278 

5u 

355.2 

24.11176 

60 

354.2 

24.04387 

70 

346.3 

23.50760 

80 

352.8 

23.94884 

90 

355.9 

24.15927 

240 

371.9 

25.24539 

250 

369.1 

25.05532 

260 

369 

25.04853 

270 

369.3 

25.06890 

280 

369.9 

25.10962 

290 

372.7 

25.29969 

300 

375.4 

25.48298 

310 

373.8 

25.37437 

32u 

375.8 

25.51013 

330 

376 

25.52371 

520 

384 

26.06676 

530 

384.4 

26.09392 

540 

387.1 

26.27720 

550 

382.6 

25.97173 

560 

388.5 

26.37223 

570 

390.5 

26.50800 

580 

389.8 

26.46048 

590 

387.3 

26.29078 

600 

389.7 

26.45369 

610 

391.2 

26.55552 

620 

391.9 

26.60303 

840 

399.8 

27.13930 

850 

397.8 

27.00354 

860 

403.8 

27.41083 

870 

402.4 

27.31580 

880 

404.1 

27.43120 

890 

398.9 

27.07821 

900 

405.7 

27.53981 

910 

403.7 

27  .40404 

920 

404 . 7 

27.47193 

1120 

413.8 

28.08965 

1130 

414.6 

28.14396 

1140 

408.5 

27.72988 

1150 

412.8 

28.02177 

1160 

412.2 

27.98104 

1170 

414.9 

28.16432 

1180 

410.3 

27.85207 

1190 

415.9 

28.23221 

1200 

414.4 

28.13038 

1210 

413.4 

28.06250 

1220 

419.7 

28.49016 

1230 

416.3 

28.25936 

LIGAND  EXCHANGE  10/8/86  C  LIGAND  EXCHANGE  10/8/86  D 

CuD  +  EDTA  to  CuEDTA  +  D  ^  CuEDTA  +  D 


D  (BD)  140  nM 
Cu  (BD)  100  nM 
EDTA  (BD)  8000  nM 
time(sec)  RFIJ(IO)  D  (obs) 


D  (BD)  280  nM 
Cu  (BD)  200  nM 
FDTjv  (BD)  2000  nM 
cime(sec)  RFTI(5)  D  (obs) 
nM 


nM  0 


0 

20 

326.5 

22.84453 

20 

30 

322.9  43.83833 

320.9  43.56680 

30 

340.9 

23.14324 

40 

322.6  43.79760 

r 

339  8 

23.06856 

50 

320.8  43.55322 

50 

345.3 

23.44195 

60 

327.1  44., 0855 

60 

344.8 

23.40801 

70 

321.8  43.68899 

70 

346.3 

23.50984 

80 

309.3  41.99193 

80 

345.9 

23.48268 

90 

305.3  41.44887 

90 

347.5 

23.59131 

220 

317  43.03732 

230 

360.3 

24.46028 

230 

317.5  43.10520 

240 

366 

24.84725 

240 

317.9  43.15950 

250 

367.6 

24.95587 

250 

319.7  43.40388 

260 

370.9 

25.17990 

260 

325.2  44.15058 

270 

375.6 

25.49898 

270 

323.7  43.94694 

280 

369 

25.05091 

280 

325.3  44.16416 

290 

357.3 

24.25661 

290 

322.9  43.83833 

300 

364 

24.71147 

300 

328.5  44.59861 

310 

363.1 

24.65037 

310 

325.1  44.13701 

320 

365.7 

24.82688 

320 

329.4  44.72080 

330 

372.4 

25.28173 

■Jin 

354  s  44,05555 

530 

393.4 

26.70739 

530 

342.6  46.51289 

540 

380.9 

25.85879 

540 

340  46.15990 

550 

394.1 

26.75492 

550 

344.3  46.74369 

560 

407.6 

27.67141 

560 

344.5  46.77084 

570 

407 

27.63068 

570 

346.7  47.06952 

580 

403.2 

27.37270 

580 

350.4  47.57185 

590 

404.6 

27.46775 

590 

345.8  46.94733 

600 

403.8 

27.41344 

600 

352.3  47.82980 

610 

409.3 

27.78682 

610 

350.3  47.55827 

620 

406.8 

27.61710 

620 

348.8  47.35463 

630 

411 

27.90224 

630 

343.8  46.67580 

830 

407.8 

27.68499 

830 

345.8  46.94733 

840 

411.3 

27.92260 

840 

340.9  46.28209 

850 

422.5 

28.68295 

850 

353.4  47.97914 

860 

408.5 

27.73251 

860 

348.9  47.36820 

870 

427.4 

29.01561 

870 

347  47.11025 

880 

422.4 

28.67617 

880 

349.7  47.47681 

890 

417.9 

28.37067 

890 

345.2  46.86587 

900 

421.8 

28.63543 

900 

343  46.56719 

910 

421.2 

28.59470 

910 

346.9  47.09667 

920 

430.2 

29.20570 

920 

352.3  47.82980 

930 

43G.8 

29.65376 

930 

351.2  47.68046 

940 

435.1 

29.53835 

940 

345.6  46.92018 

1110 

441.9 

30 

1120 

359.9  48.86161 

1120 

438.9 

29.79633 

1130 

367.7  49.92057 

1130 

444.4 

30.16972 

1140 

362.9  49.26890 

1140 

456.5 

30.99117 

1150 

367.1  49.83911 

1150 

452.3 

30.70604 

1160 

365.3  49.59474 

1160 

451.6 

30.65852 

1170 

365.1  49.56759 

1170 

446.7 

30.32586 

1180 

360.3  48.91592 

1180 

447.3 

30.36659 

1190 

367.7  49.92057 

1190 

448.5 

30.44806 

1200 

1210 

368.7  50.05634 
367.5  49.89342 

1200 

446.3 

30.29871 

1220 

367.6  49.90700 

1210 

447.7 

30.39375 

1230 

369.3  50.13780 

1220 

1230 

449.7 

447.1 

30.52953 

30.35302 
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LIGAND  exchange  10/7/86  E 


CliD  +  EDTA 

CO  CuEDTA  +  D 

D  (BD)  140 

nM 

Cu  (BD)  100  nM 

EDTA  (BD) 

500  nM 

time ( sec ) 

RFU(IO)  D  (obs) 

0 

nM 

20 

322.2  21.89453 

30 

317 .8  21.59554 

40 

322.6  21.92171 

50 

323  21.94889 

60 

325.2  22.09839 

70 

328.2  22.30225 

80 

319  21.67708 

90 

321.1  21.81978 

230 

334.6  22.73715 

240 

328.4  22.31584 

250 

331.8  22.54688 

260 

328.5  22.32264 

270 

335.9  22.82549 

280 

332.5  22.59445 

290 

339.1  23.04294 

300 

335.4  22.79151 

310 

330  22.42457 

320 

330.1  22.43136 

330 

334.3  22.71677 

520 

346.2  23.52541 

530 

347.3  23.60016 

540 

341  23.17205 

550 

345.6  23.48464 

560 

347.9  23.64093 

570 

344.1  23.38271 

580 

342.1  23.24680 

500 

345.4  23.47105 

600 

338.1  22.97499 

610 

342.4  23.26719 

620 

342.3  23.26039 

630 

347.1  23.58657 

900 

345.9  23.50502 

910 

346.6  23.55259 

920 

345.9  23.50502 

930 

343.5  23.34194 

940 

350.2  23.79722 

950 

346.3  23.53220 

960 

344.5  23.40989 

LIGAND  EXCHANGE  10/8/86  E 
CuD  +  EDTA  to  CuEDTA  +  D 
D  (BD)  280  nM 
Cu  (BD)  200  nM 
EDTA  (BD)  4000  nM 
time(sec)  RFU(5)  D  (obs) 
nM 


20 

319.3  43.34957 

30 

319.9  43.43103 

1190 

409.7  27.84044 

40 

318.6  43.25454 

1200 

407.2  27.67056 

50 

320.1  43.45819 

1210 

409.7  27.84044 

60 

318  b  M  25454 

1220 

406  27.58901 

70 

318.7  43.26812 

1230 

403.9  27.44631 

80 

321.8  43.68899 

1240 

403.9  27.44631 

90 

323  43.85190 

1440 

412.7  28.04430 

230 

338.8  45.99698 

1450 

416.1  28.27534 

240 

338.8  45,99698 

1460 

415.9  28.26175 

250 

338.4  45.94268 

1470 

418.5  28.43843 

260 

340.7  46.25493 

1480 

421.1  28.61511 

270 

339,6  46.10559 

1500 

421  28.60831 

280 

338.9  46.01056 

1510 

413  28.06469 

290 

336.9  45.73903 

1520 

415.6  28.24136 

300 

344.4  46.75726 

1530 

420  28.54036 

310 

342.5  46.49931 

1700 

423.2  28.75781 

560 

363.4  49.33679 

1710 

427.4  29.04321 

570 

364.9  49.54043 

1720 

429.5  29.18592 

580 

366.6  49.77123 

1730 

429.6  29.19271 

590 

366.2  49.71693 

1740 

425.5  28.91410 

600 

365.8  49.66262 

1750 

425.7  28.92769 

610 

366.4  49.74408 

1760 

428.4  29.11117 

620 

364.7  49.51328 

1770 

430.8  29.27425 

630 

368.3  50.00203 

1780 

425.1  28.88692 

820 

383.7  52.09280 

1790 

428.1  29.09078 

830 

376.5  51.11530 

1800 

432.1  29.36259 

840 

378.1  51.33252 

1810 

428.5  29.11796 

850 

379.1  51.46829 

1820 

430.9  29.28105 

860 

385.3  52.31003 

870 

383.1  52.01134 

880 

385.5  52.33718 

890 

381.3  51.76697 

900 

376.7  51.14245 

910 

384.7  52.22857 

920 

386.1  52.41864 

930 

385.5  52.33718 

1170 

399.4  54.22430 

1180 

397.1  53.91205 

1190 

398.7  54.12927 

1200 

396.1  53.77628 

1210 

394.9  53.61337 

1220 

396.9  53.88489 

1230 

394.6  53.57264 

1240 

398.1  54.04781 

1250 

398.5  54.10212 

1260 

400.4  54.36007 
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LIGA-N'D  EXCHANGE  10/8/86  F 
CuD  +  EDTA  to  CuEDTA  +  D 
D  (BD)  280  nM 
Cu  (BD)  200  nM 
EDTA  (BD)  8000  nM 
tirae(sec)  RPJ(5)  D  (obs) 
nM 


20 

303,7  41,23165 

30 

311  42,22273 

40 

316 , 7  42 . 99659 

50 

319,6  43,39030 

60 

322,3  43,75687 

920 

411.6 

55.88063 

70 

324,8  44,09628 

930 

4)4.3 

56.24719 

80 

J2J.6  43.93336 

1120 

419 

56.88529 

90 

331.5  45.00590 

1130 

421.4 

57.21112 

220 

332.7  45.16882 

1140 

420.4 

57.07536 

230 

333.6  45.29101 

1150 

426.4 

57.88994 

240 

334.3  45.38604 

1160 

427.6 

58.05286 

250 

336.7  45.71188 

1170 

431.1 

58.52804 

260 

338.6  45.96983 

1180 

428 

58.10717 

270 

341.7  46.39070 

1190 

429 

58.24293 

280 

349,2  47.40893 

1200 

431.9 

58.63665 

290 

356.1  48,34571 

1210 

439 

59.60058 

300 

361.1  49.02453 

1220 

434 

58.92175 

310 

354.6  48.14206 

1230 

433.2 

58.81314 

320 

355.2  48.22352 

1240 

431.7 

58.60950 

330 

358.2  48.63081 

340 

363.5  49.35036 

540 

380.4  51.64478 

550 

384.4  52.18784 

560 

381.9  51.84843 

570 

377.7  51.27822 

580 

384.3  52.17426 

590 

384.6  52.21499 

600 

387.4  52.59513 

610 

388.8  52.78520 

620 

389.9  52.93454 

630 

393.5  53.42329 

640 

392.8  53.32826 

820 

408.4  55.44618 

830 

399.5.54.23786 

840 

402.2  54.60445 

850 

396.4  53.81701 

860 

401.6  54.52299 

870 

401.8  54.55014 

880 

408.7  55.48691 

890 

412.6  56.01640 

900 

412.6  56.01640 

910 

412.7  56.02997 

LIGAND  EXCHANGE  1/22/88  I lA 
CuD  +  NTA  CO  CuNTA  +  D 
D  (final)  100  nM 
Cu  (final)  100  nM 
NTA  (final)  10  ;jM 
Lime  (h)  D  (obs) 


nM 

0.07 

22.85 

0.24 

33.87 

0.64 

45.93 

1.41 

51.62 

2.01 

52.82 

3.40 

54.70 

LIGAND  EXCHANGE  1/22/88  IIB 
CuD  +  NTA  to  CuNTA  +  D 
D  (final)  100  nM 
Cu  (final)  100  nM 
NTA  (final)  10  pM 
time  (h)  D  (obs) 


nM 

0.11 

27.06 

0.28 

36.77 

0.68 

47.23 

1.45 

52.13 

2.04 

53.07 

3.44 

55.09 
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